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Abstract
Fear and anxiety disorders are potentially crippling conditions that often stem from
past experience of trauma and chronic stress. One clear feature of these disorders is the
failure to use proximate spatial and contextual information presented in the environment
to regulate reflexive physiological threat responses. The central nervous system networks
that govern spatial navigation and contextual learning and memory are a series of complex
circuitries in which the hippocampus is integrally involved. Deficits in hippocampal
function have been linked to severe anterograde and mild retrograde amnesia of semantic
and episodic memory, and specific deficits in contextual processing. These deficits
manifest as failure to distinguish between the details of contexts that help predict for danger
or safety and can thus lead to the overexpression of threat responses that compose the
behavioral symptoms of fear disorders. The dentate gyrus (DG) is a subdivision of the
hippocampus that serves as the first filter of excitatory flow through the hippocampus. The
DG is hypothesized to function in “pattern separation” or the dissociation of similar inputs
into dissimilar outputs. Failure in this domain leads to generalization between contexts, a
common feature of pathology.
Pituitary adenylate cyclase activating polypeptide (PACAP) and the PAC1 receptor
are associated with multiple behavioral disorders such as post-traumatic stress disorder,
schizophrenia, and bipolar disorder. Mutations in the PAC1 receptor gene are associated
with hypervigilance, and modified amygdalar and hippocampal activity. These results are
mirrored by rodent studies where central PACAP infusion causes anxiety-like behavior,
pain hypersensitivity, anorexia, and reinstatement of drug-seeking. PAC1 receptor
transcript is found in high abundance in granule cells of the dentate gyrus and potentiation
of DG synapses is impaired in PAC1 knockout mice. PACAP is known to have effects of
long-duration, such as those in injury repair, growth, and development, but it also can affect
ion channel physiology to control neuronal excitability through several parallel
intracellular signaling cascades including those dependent on adenylyl cyclase,
phospholipase C, and extracellular signal regulated kinase. Accumulated evidence suggests
that recruitment of extracellular signal regulated kinase can be through either adenylyl
cyclase-, phospholipase C-, or a receptor endocytosis-dependent mechanism.
The experiments described in this dissertation address the role of PACAP in the
DG in regulating expression of fear behavior, the effects of PACAP on the excitability of
DG granule cells, and the signaling pathways and ion channels responsible for these effects.
We found that PACAP infused into the DG amplifies expression of fear to a context but
does not affect fear acquisition. Electrophysiology studies demonstrate that treating DG
neurons with PACAP increases their excitability, and that parallel signaling mechanisms
recruit extracellular signal regulated kinase to drive this excitability. Furthermore, these
effects on excitability are attenuated by blocking a persistent inward sodium current. This
work represents novel regulation of the DG and its impacts on behavior and identifies a
current that likely participates in modulating granule cell excitability in multiple domains.
In aggregate, this research traces the path from ligand, to receptor and intracellular
signaling, to neurophysiology in order to propose a comprehensive description of
behavioral regulation by these processes.
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Chapter 1: Literature Review
General Introduction
Learning and memory are highly complex processes and disorders associated with
these processes are significant concerns of public health. For example, dementia,
Alzheimer’s Disease, mild cognitive impairment, and traumatic brain injury all express
symptoms that include learning and memory deficits; moreover, other disorders such as
post-traumatic stress disorder (PTSD) can be partially characterized by pathologic
memory recall in the form of intrusive memories (N. B. Smith, Doran, Sippel, & HarpazRotem, 2017). Thus, understanding these diseases necessitates a deeper understanding of
the underlying neurobiology and behavioral mechanisms relevant to processes of learning
and memory. Since the first observations of human learning and memory deficits in
patients with damage to the medial temporal lobe, the hippocampus has been implicated
in many types of learning and memory, a historical perspective reviewed in Squire
(2009). Memory is typically divided into categories based on the function that the
memory serves; one such division involves their sorting into explicit and implicit
memory. Explicit memory refers to the experiences and facts about the world that an
individual can recite, while implicit memories are ones that typically involve learned
actions. Examples of this dichotomy were made famous by experiments with patients
with temporal lobe resections who displayed severe amnesia; however, many aspects of
motor learning remained intact, despite the fact that the experimental subject often had no
explicit memory of having learned the motor task, reviewed in Roediger (1990). Explicit
memories can be further subdivided into semantic memory, i.e. the recitation of facts, and
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episodic memory, the memory of personal experiences (Tulving, 1972). The accurate
memory of where and what events have occurred and what preceded those events is
critical for the survival of organisms, as these memories promote such important events
as procuring nutrition or avoiding predation based on previous experiences.
The ability to recognize and compare current contexts to other contexts
experienced in the past is of significant importance in predicting future events, and thus,
context recognition plays a large part in shaping behavioral responses. The process of
contextual recognition intuitively requires spatial awareness, which is a process
understood to be dependent on the hippocampus (Howard Eichenbaum, 2000; H.
Eichenbaum & Cohen, 2014; Hartley, Lever, Burgess, & O'Keefe, 2014; Jarrard, 1993).
Consistent with this theory, neuronal activity in the hippocampus exhibits properties of a
spatial map in real time (O'Keefe, 1976), and supports the contextual component of both
implicit memory (Chun & Phelps, 1999) and explicit memory (Vargha-Khadem et al.,
1997), and given the importance of context recognition in governing behavior, it is
unsurprising that compromised hippocampal structure and function is a consistent marker
for pathology (Astur et al., 2006; M. E. Smith, 2005).
Memories, the traces of learned events, can be formed of any content of
experience, and must be retrieved in order to govern behavior; moreover, their retrieval
can produce emotional responding (LaBar & Cabeza, 2006). Retrieving memories in
which an individual was in danger or felt threatened can thus induce the negative
emotions associated with the initial threat, and often, these emotionally valenced
memories are recalled at a higher rate and with greater accuracy, as reviewed in Hamann
2

(2001). The association of initially neutral cues with threatening stimuli is a learning
process that lawfully follows the rules of Pavlovian conditioning, such that feelings of
emotion, such as fear, can become a component of conditioned responses (Goodman,
Harnett, & Knight, 2018). Threat responding can also be conditioned to contextual cues;
moreover, contextual cues may help to disambiguate whether previously conditioned
discrete cues should be interpreted as threatening or safe. As a result, the encoding of
context by the hippocampus is significant in regulating the retrieval of memories,
including emotional ones (LaBar & Phelps, 2005). One clear consequence of deficits in
this system is that inaccurate context recognition could bias an individual toward fear
when fear is not the appropriate response of that context. Indeed, fear generalization is a
hallmark symptom of disorders such as post-traumatic stress disorder, reviewed in
Lopresto, Schipper, and Homberg (2016).
Like any other neural system, the systems responsible for context interpretation,
and associative mechanisms in the brain are under the control of neurotransmitters,
neuropeptides, and their respective receptors. One of these neuropeptides, pituitary
adenylate cyclase activating polypeptide (PACAP) and its cognate G-protein coupled
receptor (GPCR), PAC1, have consistently been associated with psychiatric conditions,
including schizophrenia (R. Hashimoto et al., 2007), major depression (R. Hashimoto et
al., 2010), and PTSD (Ressler et al., 2011). PACAP can acutely control neuronal
excitability by activating several intracellular signaling cascades to modulate the
physiology of various ion channels (Figure 1.5) (May & Parsons, 2017), and is critical in
growth and development (Shen, Gehlert, & Collier, 2013). Furthermore, PAC1 knockout
3

mice exhibit impaired contextual conditioning, but unaffected auditory-cued
conditioning, suggesting PAC1 deficiency confers a selective impairment of the brain’s
contextual recognition systems. Given the aggregated evidence, it seems likely that the
PACAP/PAC1 signaling system and the contextual recognition architecture of the brain
interact such that dysregulation of the PACAP system may lead to abnormal behavior.
This dissertation explores the ways in which these systems cooperate and discusses
potential mechanisms by which their dysregulation may lead to pathology.
Relevant Anatomy
Hippocampus
The human hippocampus is a three-layered component of the paleocortex, found
deep in the medial temporal lobe and extends superiorly from rostral to caudal. It is one
of the more frequently surgically resected areas due to its propensity for seizure
generation, and one of the most studied regions of the brain. Different aspects of the
hippocampus may play a role in a variety of behavioral functions, including those
described above. When delineated by function, the rodent dorsal hippocampus (DH)
roughly corresponds to the human posterior hippocampus and the rodent ventral
hippocampus roughly corresponds to the human anterior hippocampus. In the rodent, the
ventral hippocampus has been implicated primarily in stress and emotional regulation
while the DH has been predominantly studied for its role in short term memory, and
spatial representations (Fanselow & Dong, 2010). There is unlikely a sharp line of
delineation between the dorsal and ventral hippocampus, but the specialization of the
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structures has been defined through multiple modes of study including activity,
connectivity, and protein expression (Fanselow & Dong, 2010).
The progression of neuronal activity through hippocampal circuits is largely
unidirectional (illustrated in Figure 1.1) with neuronal input initiating in the entorhinal
cortex (EC), entering the hippocampus proper, and returning to EC (Amaral & Witter,
1989). Layer 2 neurons of the EC form the perforant path that projects in a caudal to
rostral orientation to the dendrites of dentate gyrus (DG) granule cells in the molecular
layer of the DG, known as the perforant path synapse (Dolorfo & Amaral, 1998). DG
granule cells then project “mossy fibers” to the CA3 region of the hippocampus, which is
located rostro-lateral to the DG, and these mossy fibers form synapses on the apical
dendrites of CA3 pyramidal cells (Blaabjerg & Zimmer, 2007). CA3 pyramidal cells then
project Schaeffer Collaterals to the CA1 region (Ishizuka, Weber, & Amaral, 1990). CA1
pyramidal cells then project back to the entorhinal cortex synapsing in layer 5 (Amaral &
Witter, 1989). Each region of the hippocampus has its own unique local circuitry in
addition to its principle cell types, although we will only explore the micro-circuitry of
the DG.
Dentate Gyrus
The rodent dentate gyrus is an acutely angled structure that, in the DH, is located
in the most ventral component of the hippocampus immediately dorsal-lateral to the 3rd
ventricle. In the coronal plane, the DG can be seen to have two linear cell distributions
emanating from its most medial point and extending laterally in two planes at roughly a
20-degree angle. The upper portion is known as the upper blade and lower portion is
5

known as the lower blade. The three principal layers of the DG include the molecular
layer, the granule cell layer, and the hilar region. Three cell types make up the majority of
the cells within the DG, they are the granule cells, basket cells, and mossy cells. DG
internal circuitry is illustrated in Figure 1.2.
The principal cell type, and by far the most prevalent, of the DG is the granule
cell. DG granule cells are approximately 10-20 µm in diameter, glutamatergic, and in the
rat only have apical dendrites that extend into the molecular layer of the DG itself
(Amaral, Scharfman, & Lavenex, 2007). Only a small portion of granule cells are active
(i.e. spiking) under basal conditions as they are under strong inhibitory tone from local
GABAergic neurons and have strong dendritic inhibition within the molecular layer via
dendritic potassium channels (Krueppel, Remy, & Beck, 2011). Even with low basal
activity, there is strong evidence to suggest that granule cells are required for the
encoding of contextual memory (Bernier et al., 2017; Denny et al., 2014). Activity
dependent labelling with immediate early genes suggests that DG granule cells are active
in the process of generating contextual memories (Denny et al., 2014), and in vivo
stimulation of granule cells that were active in the process of contextual conditioning is
sufficient to recapitulate expression of that memory (Liu et al., 2012).
DG granule cells receive a surprisingly small level of afferent input from extrahippocampal sources. The most well studied are the perforant path axons emanating from
the EC. Lateral EC neurons have some preference for the outer molecular layer, while
medial EC neurons bias toward the middle molecular layer (Leranth & Hajszan, 2007).
Serotonergic and noradrenergic inputs emanating from the raphe and locus coeruleus
6

respectively both innervate the middle and outer molecular layer (Amaral & Campbell,
1986), while cholinergic inputs from the medial septum bias toward the inner molecular
layer (Leranth & Hajszan, 2007). One other afferent of interest, due to its high expression
levels of neuropeptides, including PACAP (Lein et al., 2007), is the supramammilary
nucleus of the hypothalamus, which also projects to the inner molecular layer of the DG
(Leranth & Hajszan, 2007).
Basket cells are the most studied inhibitory neuron of the dentate gyrus, of which
at least five types have been identified (Helen E Scharfman, 2011). These cells are, on
average, larger than the granule cells, are located closer to the borders of the upper and
lower blade of the DG and in some cases protrude into the molecular layer. Basket cells
form large perisomatic baskets that surround the soma of the granule cells that they
inhibit and, due to its extensive axonal collateralization, each basket cell has the capacity
to inhibit as many as 10,000 granule cells (Amaral et al., 2007). Basket cells differ
significantly in their intrinsic characteristics from granule cells with a prominent
depolarizing sag to hyperpolarizing current injection, and shorter action potential half
width, consistent with that of fast-spiking interneurons (Elgueta, Kohler, & Bartos, 2015;
Nieto-Gonzalez & Jensen, 2013).
Mossy cells are a glutamatergic cell type located in the hilar region of the DG,
between the two blades, relatively larger than both granule cells and basket cells. Socalled for the small “mossy” protrusions on their dendrites, mossy cells are a component
of the DG local circuitry that is not fully understood due to their forming significant
connections with both inhibitory and excitatory DG neurons (H. E. Scharfman, 2016). As
7

there is mixed evidence, it is currently unknown whether the net-effect of mossy cell
activity is excitatory or inhibitory. Genetic deletion of mossy cells, or cell-specific
inhibition increases the overall activity of granule cells (Jinde et al., 2012), but direct
glutamatergic synapses from mossy cells to granule cells have also been identified (H. E.
Scharfman, 1995). Interestingly, mossy cells are the only excitatory cell type within the
DG that is known to form connections with granule cells (Buckmaster, Strowbridge,
Kunkel, Schmiege, & Schwartzkroin, 1992), genetic deletion of mossy cells impairs
contextual fear conditioning (Jinde et al., 2012), and related to the work described below,
mossy cells highly express PACAP mRNA (Lein et al., 2007).
There are various other GABAergic cell types of the DG that reside in the hilus,
granule cell layer, and sparsely in the molecular layer whose function is less well known.
Hilar interneurons project through the granule cell layer and innervate the inner
molecular layer (Halasy & Somogyi, 1993). Granule cell layer interneurons innervate the
axon initial segment of the granule cells, and molecular layer interneurons innervate the
outer and middle molecular layer (H. E. Scharfman, 2016).
Fear Conditioning Circuitry
In order to understand the role of the hippocampus in mediating memory
acquisition and retrieval of fear learning, we first describe the basic circuitry governing
fear learning. Pavlovian conditioning is one of the simplest ways to study basic
behavioral and cellular processes of learning and memory. For the purposes of this
review, we will discuss Pavlovian fear (not appetitive) conditioning. Pavlovian fear
conditioning involves the pairing of an initially neutral stimulus such as a tone, termed
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the conditioned stimulus (CS), with an aversive stimulus such as a footshock, termed the
unconditioned stimulus (US). In rodents, a common observable response to footshock is
freezing; this conditioned response (CR) will be observed to the tone CS after
conditioning. In the initial phase, the CS elicits no change in behavior because the CS
still has a neutral valence, but once paired with the US, the CS begins to elicit a response
from the experimental subject that mimics the response that previously only the US
elicited. In other words, the animal has learned that the CS predicts the US, and the CR
occurs in response to the CS. Pavlovian conditioning has been implemented to study the
mechanisms of fear learning and expression as the CR represents a relatively lowvariance means to measure the level of fear expression to the CS, and this represents a
reasonable behavioral correlate to learning.
The brain correlates of Pavlovian fear conditioning have been well-described.
Lesions of the amygdala prior to conditioning interfere with conditioning (Joseph E
LeDoux, Cicchetti, Xagoraris, & Romanski, 1990), and lesions of the amygdala
following conditioning impair retrieval of cued fear memory (Maren, Aharonov, &
Fanselow, 1996). Dissection of the amygdalar subnuclei involved in fear conditioning
revealed there to be specialization of these subnuclei in mediating different components
of fear response. For example, Fanselow and Kim (1994) demonstrated that antagonizing
N-methyl-D-aspartate (NMDA) receptors in the basolateral amygdala (BLA) prior to
Pavlovian fear conditioning blocks the acquisition of fear learning, but that the same
treatment in the central nucleus of the amygdala (CeA) does not block fear acquisition,
suggesting the CeA may be involved preferentially as a mediator of conditioned
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responses rather than in producing associations. This hypothesis is consistent with the
observation that electrical stimulation of the CeA is sufficient for fear-like responding in
the absence of conditioning (Kapp, Gallagher, Underwood, McNall, & Whitehorn, 1982),
and CeA neuronal activity increases with increases in conditioned responding
(Applegate, Frysinger, Kapp, & Gallagher, 1982). Based on these data and others, it
seems likely that the BLA is a site of association between cues/contexts and aversive
stimuli, and the CeA controls the output of the amygdala, consistent with the hypothesis
that the CeA is in fact a downstream projection of the BLA (Maren, 2001).
Given that the CeA is likely not involved in CS-US association, but in regulating
the response itself, primary efferents of the CeA should be important structures in
regulating threat responsive behaviors. The CeA is known to project to and mediate
activity in such areas including the periaqueductal grey (PAG), lateral hypothalamus
(LH), and bed nucleus of the stria terminalis (BNST) (J. E. LeDoux, Iwata, Cicchetti, &
Reis, 1988). Subregions of the PAG are critical for regulating the freezing response
(Vianna, Borelli, Ferreira-Netto, Macedo, & Brandao, 2003), while the BNST is known
to be involved in corticosterone release and other stress responses, likely in part through
projections to the paraventricular nucleus of the hypothalamus (Radley & Sawchenko,
2011), and the LH in cardiovascular responses to threat (Allen & Cechetto, 1992). Thus,
the CeA is capable of controlling multiple components of threat responding through its
varied parallel projections.
The specialization of the amygdala in threat detection and expectation suggests
that it must be an integrator of the sensory structures involved in the detection of
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environmental stimuli. The BLA receives inputs from the auditory region of the
thalamus, the medial geniculate nucleus (MGN), as well as the vision-associated
perirhinal cortex; lesions of either structure disrupt auditory cue or visual cue
conditioning respectively (Campeau & Davis, 1995). Further study demonstrated that the
conditioning to an auditory stimulus can be mimicked behaviorally by pairing a shock US
with optogenetic activation of MGN to lateral amygdala (LA) neurons, so that the
optogenetic activation alone can serve as a CS and produce freezing (Kwon et al., 2014).
Furthermore, when the neutral cue is constituted by an entire environmental context, as in
contextual fear conditioning, inputs from the entorhinal cortex to the BLA are crucial for
the acquisition and expression of contextual fear conditioning (Kitamura et al., 2017). A
stimulus can thus be discrete, such as a tone, in which case mediation by the MGN is
sufficient for later retrieval, or a stimulus can be constituted by a spatial context, in which
case the hippocampus is required for both acquisition and expression of conditioned fear.
The contribution of the hippocampus in fear conditioning
As described above, one of the most important brain regions involved in spatial
representations and context memory is the hippocampus, and specifically the dorsal
hippocampus (DH), reviewed in H. Eichenbaum et al. (2016). DH lesions prior to CFC
prevent later freezing to the context, suggesting that the DH is necessary for the
acquisition of contextual fear (Maren, Aharonov, & Fanselow, 1997). Similarly, posttraining lesions decrease context specific freezing behavior at test, but only if the lesion
occurred within a certain time window following acquisition (Maren et al., 1997). Thus,
damage to the DH confers anterograde amnesia, as well as some level of retrograde
11

amnesia, suggesting that the DH has a necessary function within the process of short-term
working-memory and memory consolidation, but that the process of long-term memory is
likely supported by a region outside of the DH.
For the hippocampus to interpret the context that predicts fear, and thus convey
the information that functions as the conditioned stimulus, it must exhibit connectivity
with the amygdalar complex. In fact, the EC and BLA are bidirectionally connected. In
vivo electrical stimulation of the EC manifests spiking in the BLA (Mouly & Di Scala,
2006), and stimulation of BLA axons in the EC can enhance some forms of learning
(Wahlstrom et al., 2018). Furthermore, silencing the medial EC to BLA projection during
contextual fear conditioning, inhibits contextual fear acquisition and retrieval (Kitamura
et al., 2017). These results suggest that the contextual information processed by the
hippocampus supports the contextual representations that stimulate freezing to context
via the EC to BLA projection.
At longer intervals between contextual conditioning and expression tests the role
of the hippocampus declines. Inactivation of the DH confers no decrement in retrieval of
conditioned freezing from sham inactivations when tested weeks following conditioning
(Anagnostaras, Maren, & Fanselow, 1999), while at that time period prefrontal
inactivation does impair retrieval (Debiec, LeDoux, & Nader, 2002; Einarsson, Pors, &
Nader, 2015). Though memory expression is not dependent on the hippocampus
following longer intervals, the details of the memory seem to fade with shifting from DHdependent to prefrontally-dependent. Hence, Wiltgen et al. (2010) showed increases in
DH activity during the process of recalling recent memories, but that this DH activity
12

decreases as the retention interval grows. While evidence for memory formation can be
observed in animals that were conditioned a long time in the past, the precision with
which these animals are able to discriminate between memory contexts declines as the
retention interval grows (Wiltgen et al., 2010). These results conclude that the DH
supports memory at shorter time intervals and does so with high detail resolution, while
extrahippocampal regions support memory at longer time intervals with less detail
resolution. This evidence does not mean, however, that the DH becomes unimportant for
recall at longer time intervals. Critical work has shown that with brief reminders of past
contextual experiences, the DH retains the capability to support memory, and along with
it, increased ability to discriminate between relevant contexts (Alvares Lde et al., 2012).
Thus, particularly with brief reminders of past experience, the DH remains a critical
contributor to contextual memory for long time periods, and perhaps indefinitely.
The memory trace
The dentate gyrus is associated with contextual memory traces
As noted above, the DH is integrally involved in the acquisition and expression of
context dependent behaviors, and several studies have attempted to delineate the role of
each of the hippocampal subfields in these processes. Precise pharmacological lesions of
the DG that spared the CA1 and CA3 regions of the DH demonstrate that the DG is
required for the expression of contextual fear at short time intervals (Hernandez-Rabaza
et al., 2008) and Besnard, Laroche, and Caboche (2014) showed that immediate early
gene expression in the DG is high following contextual conditioning and during retrieval
of contextual conditioning. Given that the overall activity of the DG is low under basal
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conditions, this evidence suggested that the DG is preferentially activated in the
acquisition and retrieval of contextual memories.
A concept that was first popularized nearly a century ago, but has regained
scientific interest is that of the memory engram (Semon, 1921). Semon originally
proposed, and Lashley later expanded upon (Lashley, 1950), that memories were the
product of a trace, or engram, that consisted of a pattern of neurons activated during an
experience that were then able to be reactivated to generate memory retrieval. Through
the use of activity-dependent gene expression to insert channelrhodopsin, or other opsins,
in activated neurons anatomical, physiological, and behavioral evidence of the existence
of memory engrams has begun to emerge.
Liu et al. (2012) used a transgenic mouse model where channelrhodopsin is under
the control of the immediate early gene promoter, c-fos, and a tetracycline response
element suppresser. In this scheme, mice on an antibiotic-enriched diet will not produce
channelrhodopsin, but when the antibiotic is removed from their diet, channelrhodopsin
will be transcribed, translated, and inserted into the neuronal membrane whenever the cfos gene is activated. The experimental results provided evidence for a memory engram,
since the reactivation of a population of neurons activated during memory encoding was
able to stimulate memory retrieval. The experimenters conditioned the transgenic mice to
fear a context, then following training they placed the mice into a separate context, where
the mice did not freeze unless the experimenters optically stimulated the DG region of the
DH (Liu et al., 2012). This type of experiment has been replicated multiple times
demonstrating the sufficiency of DG activation in the retrieval of contextual memories
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(Redondo et al., 2014; Roy et al., 2016; Ryan, Roy, Pignatelli, Arons, & Tonegawa,
2015). Similarly, the inverse experiments have also been conducted and show that
silencing of engram cells in a fearful context reduces the expression of freezing to a
fearful context (Denny et al., 2014), though silencing the DG did not fully abolish
freezing, suggesting there may be parallel circuits that influence contextual freezing of
which the DG is only one.
Though it is clear from the experiments above that the DG contributes
information consistent with a role in contextual memory retrieval, whether the DG exists
as a partially redundant mechanism of contextual memory remained unclear. To address
this deficiency Bernier et al. (2017) first silenced the DG during contextual fear
acquisition and demonstrated impaired retrieval, reproducing past findings that the DG is
required for encoding. Next, silencing the DG during extinction impaired later expression
of extinction; however, a third experiment that silenced the DG only during a retrieval
test found no reduction in freezing, suggesting retrieval may not require the DG. Thus,
the accumulated evidence was conflicted; it was clear that the DG was required for the
encoding of new memories (Bernier et al., 2017), and sufficient for the expression of
encoded memories (Liu et al., 2012), but some studies have reported that the DG was
necessary for expression of contextual fear (Denny et al., 2014; Hernandez-Rabaza et al.,
2008), while others refuted this claim (Bernier et al., 2017; Lee & Kesner, 2004). To
resolve this, an experiment by Bernier et al. (2017) manipulated contexts to be only
slightly different and tested the ability of mice to discriminate between them with and
without DG inactivation. Here the role of the DG became clear; inactivation of the DG
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significantly reduced contextual discrimination between similar contexts, while not
affecting discrimination between very different contexts. In aggregate, these results
suggest that the contribution of the DG is in discerning fine details of a context such that
when contexts are very different, the contribution of the DG to retrieval is redundant for
context discrimination, but when two contexts are very similar, the contribution of the
dentate is critical. These results parsimoniously reconcile previously conflicted evidence
and suggest a critical contribution of the DG in memory retrieval processes that could
explain a significant symptom of fear-related pathology; that is, generalizing fear
responding across contexts is a hallmark symptom of disorders like PTSD and these
results could help explain how fear generalization could be the product of impaired DG
function.
Cellular mechanisms of memory
Even within a subset of memory types such as contextual memory, experiences
can vary widely and how the brain recruits distinct cell populations for one experience
and not another is a significant question that recent work has partially elucidated.
Relative neuronal excitability prior to experience has emerged as the best predictor of
whether a neuron is included in a memory trace of that experience (Josselyn, Kohler, &
Frankland, 2015; Y. Zhou et al., 2009). This was first demonstrated in the lateral
amygdala where a subset of neurons were transfected to overexpress cyclic AMP
response element binding protein (CREB), and these neurons were allocated to the fear
memory trace at a higher rate than would be expected by chance alone (Y. Zhou et al.,
2009). Further, observation found that CREB overexpressing cells are more excitable
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than non-transfected cells suggesting to the researchers that relative excitability may be
the operable component of CREB overexpression. This assertion was supported by cotransfecting another set of mice with an inhibitory GPCR to decrease neuronal
excitability along with the CREB overexpression, which prevented the increased
likelihood that that cell would be recruited into the memory trace (Y. Zhou et al., 2009).
This principle has been reproduced in other experimental contexts to support the concept
that relative excitability determines cell inclusion in an engram. For example, Yiu et al.
(2014) found that by using an excitatory designer receptor activated exclusively by
designer drugs (DREADD) to activate a subset of neurons in the lateral amygdala (LA)
prior to fear conditioning, neurons expressing the excitatory DREADD were more likely
than chance to be included in an engram. Furthermore, silencing a population of cells at
retrieval test that were artificially activated prior to training significantly reduces
expression of fear memory (Yiu et al., 2014). These experiments provide convincing
evidence that one pivotal component to neuronal allocation to an engram is the relative
excitability of that neuron within its respective structure.
Potentiation underlies learning and memory
The cellular processes of learning and memory may involve the potentiation of
synapses following their stimulation, and the DG is no exception to this rule. The first
report of long-term potentiation (LTP) was in entorhinal cortex to DG synapses following
electrical stimulation of perforant path axons in an anesthetized rabbit (Bliss & Lømo,
1973). This finding illustrated some important principles of central nervous system
physiology, that activity can sensitize to further activity, and this can happen quickly and
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last for a reasonably long duration. Though powerful, these findings did not necessarily
imply that synaptic potentiation was involved in memory. Doyere and Laroche (1992)
paired stimulation of the perforant path with footshock to condition the animals to
respond to perforant path stimulation alone. The animals conditioned to the stimulus with
perforant path LTP, and then during a period of extinction testing there was a clear
correlation between the strength of the measured evoked stimulus and the level of
conditioning expressed by the animal. These results suggested that the level to which a
stimulus is potentiated correlated strongly with the level of learning observed.
Further correlational evidence of LTP and learning came later. LA field potentials
were shown to be excited by a CS when the CS has previously been associated with a US
in vivo (Rogan, Staubli, & LeDoux, 1997), and LA brain slices were demonstrated to
have stronger synaptic strength following paired CS-US pairings, but not unpaired CSUS presentations (McKernan & Shinnick-Gallagher, 1997). The key control group with
these experiments was the unpaired CS-US presentations, which did not express synaptic
potentiation and was powerful evidence that the processes of synaptic potentiation was a
critical cellular mechanism underlying learning. Based on these studies and others, it is
likely that inputs from ascending pain pathways and the MGN converge on the LA, and
in cued fear conditioning these inputs are activated at the same time to potentiate LA
synapses and drive fear behavior. It is likely that an analogous process to MGN-LA
synaptic potentiation in cued fear conditioning is produced by a hippocampal output-LA
synaptic potentiation in contextual conditioning. Thus, the accurate contextual
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representation in the hippocampus is critical for whether a fear-related response is
evoked.
Fear responding, the hippocampus, and PACAP
Hippocampus contributes context
Given the role of the DH in contextual memory and context disambiguation, and
the role that these processes play in regulating fear responses, it seems likely that
hippocampal dysfunction may lie at the root of some fear related pathologies. Humans
with fear disorders express myriad symptoms that reflect those seen in animal studies,
such as enhanced acoustic startle (Morgan, Grillon, Southwick, Davis, & Charney, 1996),
glucocorticoid dysregulation (T. Jovanovic et al., 2011), and enhanced fear conditioning
with impaired extinction (Lissek et al., 2005). These, and related symptoms are all
subject to contextual control, see Maren, Phan, and Liberzon (2013) for review. Failure to
discriminate between contexts leads to response generalization and absent the input of
safe cues and contexts, default behavioral responses are biased towards false positive
errors (Morey et al., 2015), thus, the hippocampus contributes an integral part of
controlling fear responses.
Given this evidence, deficiencies in hippocampal structure and function could
lead to disorders of fear. Indeed, failure to control fear responding is associated with
reduced hippocampal volume in PTSD-diagnosed patients (M. E. Smith, 2005), as it is in
undiagnosed veterans of combat (Gurvits et al., 1996). Furthermore, contextual
processing regardless of whether it predicts fear or safety is compromised in PTSDdiagnosed patients (Garfinkel et al., 2014). Therefore, it seems likely that hippocampal
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function, and the factors that contribute to hippocampal function, could play a significant
role in regulating disorders associated with contextual processing.
Basic PACAP background
PACAP is a neuropeptide of the vasoactive intestinal peptide
(VIP)/secretin/glucagon superfamily of peptides. First discovered through its ability to
stimulate adenylyl cyclase from anterior pituitary cells, and isolated from bovine
hypothalamic tissue (Vaudry et al., 2009), PACAP has functional roles within growth and
development (Shen et al., 2013), repair after injury (Waschek, 2013), and regulates many
different behaviors (Hammack & May, 2015). PACAP is expressed in two different
variants, a 27 amino acid version (PACAP27) and a 38 amino acid version (PACAP38).
The 38 version is found in abundance in the central nervous system and in the periphery
whereas the 27 version is found more so in the periphery and very little centrally (Vaudry
et al., 2009). As noted above, PACAP binds with relative equal affinity to three different
heptahelical GPCRs, the PAC1 receptor, and the VIP receptors VPAC1, and VPAC2.
VIP binds VPAC1 and VPAC2 with equal affinity, but with significantly less affinity
with PAC1 (Vaudry et al., 2009).
Disorders of fear and anxiety are associated with PACAP/PAC1
PACAP and the PAC1 receptor signaling system have been implicated is many
emotion-associated psychiatric disorders such as major depressive disorder (R.
Hashimoto et al., 2010), schizophrenia (R. Hashimoto et al., 2007), and PTSD (Ressler et
al., 2011). PACAP/PAC1 is also associated with behavioral processes underlying specific
symptoms of these pathologies in humans such as increased acoustic startle (T. Jovanovic
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et al., 2013), and differential hippocampal activation during contextual conditioning
(Pohlack et al., 2015). Furthermore, in rats PACAP infusion can lead to increased
acoustic startle amplitude (Hammack et al., 2009), reinstatement of drug-seeking (Miles
et al., 2018), pain sensitivity (Missig et al., 2017), and anorexic behavior (KochoSchellenberg et al., 2014).
In humans, a single nucleotide polymorphism (SNP) in the gene encoding the
PAC1 receptor is associated with increased symptoms of PTSD and is found in an
estrogen response element (Ressler et al., 2011). Further work by Mercer et al. (2016)
showed that rs2267735 is associated decreased estrogenic affinity for the response
element and thus decreased regulation of PAC1 receptor levels by estrogens. The same
study demonstrated that both stress and estrogens regulate PAC1 receptor transcript in the
bed nucleus of the stria terminalis (BNST) of female rats and the effects of these two may
interact to produce even higher levels of PAC1 receptor expression (Mercer et al., 2016).
PACAP/PAC1 expression levels are also known to be regulated by experience; high
levels of blood PACAP are found in human victims of traumatic events (Ressler et al.,
2011), mild repeated stress increases PACAP/PAC1 transcription in rats (Hammack et
al., 2009), and sensitizes to PACAP infusion (King et al., 2017).
PACAP seems to play a role in both centrally mediated response to stressors and
in the peripheral response to stress. PACAP knockout mice display attenuated
glucocorticoid release in response to long-duration, but not short duration stressors (Jiang
& Eiden, 2016) and PACAP infusion in the BNST induces corticosterone release (Lezak
et al., 2014), an effect sensitized by chronic stress (King et al., 2017), demonstrating that
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central PACAP contributes to peripheral stress responses. However, direct effects on
peripheral stress response have also been reported; PACAP exposure increases adrenal
catecholamine secretion following stimulation of the splanchnic nerve (Kuri, Chan, &
Smith, 2009) and PACAP knockout mice display impaired catecholamine secretion in
response to splanchnic nerve stimulation in vitro (Stroth et al., 2013), clearly
demonstrating that at least some of PACAP’s effects on stress are independent of the
central nervous system.
PACAP contributes to hippocampal function
The gene mutation rs2267735 is associated with other symptoms of pathology
such as increased amygdalar activation to fearful stimuli (Stevens et al., 2014), and
impaired hippocampal function in contextual conditioning (Pohlack et al., 2015). The
study by Pohlack et al. (2015) found that the risk variant of the PAC1 gene expressed
impaired hippocampal function during contextual conditioning but was unaffected by
cued conditioning. If the mutation was chiefly acting by modulating threat responsive
brain regions, then it would be expected that the effect would not be contextual
conditioning-specific. These results suggest that some of the behaviors seen in mutant
PAC1 receptor carriers may in fact be regulated predominantly by context-dependent
neural circuitry.
In rodents, there is surprisingly little investigation of PACAPergic regulation of
the hippocampus and hippocampal-dependent behavior to this point. However, as noted
above, the dentate gyrus densely expresses PAC1 receptor transcript (H. Hashimoto,
Ishihara, Shigemoto, Mori, & Nagata, 1993), and PACAPergic fibers innervate the
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molecular layer of the DG, reported in Condro et al. (2016) using a transgenic PACAPeGFP mouse and using a virally-mediated tracer here in Figure 2.1. PACAP also binds to
VPAC1 and VPAC2 receptors and the VPAC1 receptor is also expressed highly in the
DG, although there is very little VPAC2 expression in this area (Vertongen, Schiffmann,
Gourlet, & Robberecht, 1997).
The literature encompassing PACAP signaling in the hippocampus suggests a role
for PACAP in learning and memory. Perforant path stimulation is enhanced in the
presence of PACAP (Kondo, Tominaga, Ichikawa, & Iijima, 1997), and Matsuyama, et
al. (2003) showed a significant decrement in the ability of both PAC1 knockout mice, and
PACAP knockout mice to express LTP to high frequency stimulation of the perforant
path, implicating DG PAC1 post-synaptically, though this was not replicated by another
study (Otto et al., 2001). Otto et al. (2001) showed an impairment of LTP at the mossy
fiber synapse following afferent stimulation in PAC1 knockout mice, implicating presynaptic DG PAC1 consistent with past reports of presynaptic localization of the PAC1
receptor in the mossy fibers of the DG (Otto, Zuschratter, Gass, & Schutz, 1999).
However, this presynaptic immunolocalization was refuted much later by (Gupte et al.,
2016) who reported a post-synaptic localization. It would appear that given these
contradictory reports that PAC1 antibodies may lack specificity, and that physiological
measures may be a more consistent way to determine DG PAC1 function.
Reports of behavior sensitive to PACAP signaling in the DG are indirect, with
only knockout studies and any direct behavioral assessments focused on CA1. PAC1
knockout mice are reported to demonstrate decrements in hippocampal-dependent tasks,
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such as foreground contextual fear conditioning (Sauvage, Brabet, Holsboer, Bockaert, &
Steckler, 2000), and background contextual fear conditioning, but no impairments in cued
fear conditioning (Otto et al., 2001). However, these results could be due to effects in
other parts of the hippocampus, such as CA1. CA1 infusions of PACAP are reported to
enhance consolidation of contextual fear conditioning while infusion of the PAC1
antagonist impaired consolidation of both fear and subsequent fear extinction (Schmidt et
al., 2015). There is a larger literature involving PACAP modulation of CA1 synaptic
transmission that is at this point inconclusive. Synaptic strength at the Schaeffer collateral
synapse (CA3-CA1) has been reported to be sensitive to PACAP treatment (Ciranna &
Cavallaro, 2003; Kondo et al., 1997; Roberto & Brunelli, 2000; Roberto, Scuri, &
Brunelli, 2001), potentially through effects on AMPA (Costa, Santangelo, Li Volsi, &
Ciranna, 2009; Toda & Huganir, 2015) and NMDA currents (Macdonald et al., 2005),
and there is one report of intrinsic current modulation (Taylor et al., 2014). However, as
opposed to the DG, there is limited evidence of PACAPergic innervation of CA1.
PACAP-eGFP mice express sparse PACAPergic innervation of CA1 (Condro et al.,
2016), and CA1 expresses proportionately much less PAC1 receptor transcript than the
DG (H. Hashimoto et al., 1993; Jaworski & Proctor, 2000).
Signaling mechanisms of PACAP and PAC1
Features of the PAC1 Receptor
The PAC1 receptor is alternatively spliced into at least five variants determined
by the presence of different combinations of the hip, hop1, and hop2 cassettes in the third
intracellular loop of the receptor (Spengler et al., 1993). The hip and hop components can
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appear as different combinations or alone, hip alone, hop1 alone, hop2 alone, hip/hop1,
and null forms of the receptor have been identified (Vaudry et al., 2009). The hip/hop
isoform determines the relative level of coupling to Gαs/Gαq. The hip isoform appears to
only stimulate cAMP, while the hop1, hop2, hip/hop1, and null isoforms each produce
both cAMP and inositol triphosphate (IP3) (Spengler et al., 1993). Of the splice variants,
both the hop1 and null variants have been identified by in situ hybridization in the DG
(C. J. Zhou et al., 2000).
Intracellular signaling of G-protein coupled receptors
Cell signaling via GPCRs is classified into at least five broad variants, of which
PAC1 can be coupled to two; Gαs and Gαq. Gαs-coupled GPCRs stimulate adenylyl
cyclase (AC) to catalyze the conversion of adenosine triphosphate (ATP) to cyclic
adenosine monophosphate (cAMP), and cAMP then stimulates the activation of protein
kinase A (PKA). Both cAMP and PKA can modulate cell activity via ion channel
regulation (Hille, 2001). Gαq-coupled GPCRs stimulate phospholipase C (PLC), and this
enzyme catalyzes the breakdown of phosphatidylinositol 4,5-bisphosphate (PIP 2) into
diacylglycerol (DAG) and IP3. DAG activates protein kinase C (PKC), and IP3 liberates
intracellular calcium, which also supports the activation of PKC. PKC has known effects
on a number of ion channels to alter neuronal activity and is capable of stimulating other
signaling pathways including protein kinase B (Akt) (May et al., 2010).
Classic GPCR signaling through the stimulation of AC/cAMP/PKA or
PLC/IP3/DAG/PKC pathways is one mechanism by which PACAP affects the activity of
neurons, but receptor internalization and endosomal signaling have been demonstrated to
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represent another important mechanism of how PACAP may modulate neuronal activity
and function. Originally described as a process underlying receptor desensitization, the
internalization of GPCRs is initiated by the phosphorylation of serine and threonine sites
on the c-terminus of the GPCR, which leads to the eventual internalization of the receptor
via β-arrestin/clathrin adaptor protein 2 (AP2)/clathrin/dynamin (Luttrell, 2008). Once
internalized, the extracellular domain of the receptor is contained within an endosome
while the intracellular domain continues to interface with the cytosol. Endosomallybound in the cytosol, the receptors can either be sent to the lysosome for breakdown or
reinserted back into the membrane. In addition to previously described roles in
desensitization, accumulating evidence has suggested that receptor internalization can
provide a scaffold complex capable of continuing to stimulate cAMP from the cytosol
(Kotowski, Hopf, Seif, Bonci, & von Zastrow, 2011), or stimulate the activation of other
cascades such as extracellular signal regulated kinase 1 and 2 (ERK1/2) (also referred to
as mitogen activated protein kinase (MAPK)) by promoting the association of ERK1/2
with MAPK kinase (MEK) (McDonald et al., 2000). Hence receptor internalization can
be critical for receptor-mediated signaling, with a consequence that signaling through this
mechanism can produce more sustained activation that outlasts the period in which
neurotransmitters are present in the extracellular milieu. This process has been implicated
in regulation of neuronal activity in cultured cells (May, Buttolph, Girard, Clason, &
Parsons, 2014), peripheral nervous system neurons in the guinea pig cardiac ganglion
(Merriam et al., 2013), and centrally in the striatum (Kotowski et al., 2011) amygdala
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(Missig et al., 2017), and bed nucleus of the stria terminalis (Miles et al., 2018), with
corresponding implications for the regulation of behavior.
PAC1 receptor internalization and ERK
The receptor internalization and signaling process has been well-studied in the
context of PAC1 receptor activation, for review see May and Parsons (2017). Direct
assessment of PAC1 receptor surface expression shows that exposing cultured human
embryonic kidney derived 293 cells (HEK293) to PACAP causes PAC1 receptor
internalization and, as noted above, PACAP causes an increase in the excitability of
guinea pig cardiac neurons that is blocked by the endocytosis inhibitors Pitstop2 or
Dynasore (Merriam et al., 2013). Similarly, PACAP infusion into the central amygdala
causes an increase in cellular expression of the activity marker c-fos, which is blocked by
infusion of Pitstop2 (Missig et al., 2017). Interestingly, treatment of HEK293 cells with
Pitstop2 does not attenuate PACAP’s effects on intracellular cAMP, but it does attenuate
the intracellular levels of phosphorylated ERK1/2, especially at the longest time intervals
of two hours, whereas shorter time intervals were less affected, but abolished by the PKC
inhibitor Bim1 (May et al., 2014). Hence, PACAP stimulates expression of cAMP
exclusively through membrane-bound mechanisms, and ERK1/2 phosphorylation through
membrane-bound Gαq/PLC/DAG/IP3/PKC mechanisms in the short-term, but long-term
ERK1/2 phosphorylation requires clathrin-mediated endocytosis.
PAC1 activated ERK1/2 is implicated in the excitatory effect of PACAP on
neurons. Sharp electrode intracellular recordings of guinea pig cardiac ganglion neurons
show that PACAP application significantly increases the excitability of these neurons to
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depolarizing current injection, changing their activity from phasic to multiple-firing, but
inhibiting the MEK/ERK pathway by treatment with PD98059 prevented this effect
(Tompkins et al., 2016). Similarly, PACAP induces amygdalar pERK expression, and
PACAP induced c-fos is prevented by PD98059 (Missig et al., 2017). Thus, it is likely
that a major component of PACAP’s effect on neurons is through its activation of
MEK/ERK, which is achieved by some membrane-delimited mechanisms through
Gαq/PLC/DAG/IP3/PKC and some β-arrestin/receptor internalization-delimited
mechanisms.
The following is composed partially of excerpts from a manuscript currently under
review to Annals of the New York Academy of Sciences.
Neurophysiology and PACAP
DG granule cells have been associated with several behavioral functions, and their
dysfunction has been implicated with widespread conditions such as epilepsy
(Kirchheim, Tinnes, Haas, Stegen, & Wolfart, 2013; Peng, Justice, He, & Sanchez,
2013). Surprisingly, there is a paucity of research that describes the basic
neurophysiological mechanisms that control DG granule cell excitability. Therefore, we
will describe the different ways in which neuronal ion channel physiology is regulated
from the perspective of PACAP/PAC1 signaling.
Introduction of ion channel control of cell excitability
The exposure of PACAP in specific regions in the body can produce rapid
behavioral changes, suggesting an important role for direct effects of PACAP on
neuronal excitability. Moreover, a single infusion can produce behavioral changes that
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can persist for hours and days to suggest more long-term plasticity changes resulting in
altered neuronal function (Hammack et al., 2009). However, the mechanisms underlying
the regulation of ionic conductances mediating acute responses have not been fully
elucidated. From the activation of diverse signaling pathways, PACAP/PAC1 receptor
signaling has the potential of coordinating the function of several ionic channels to
regulate neuronal excitability. Changes in neuronal excitability can be differentiated
broadly into synaptic and intrinsic plasticity. Synaptic plasticity is the modification of
synaptic strength or sensitivity and can be modified either presynaptically, via changes in
the probability of transmitter release or readily releasable pool of synaptic vesicles, or
post-synaptically, such as in AMPA receptor trafficking in LTP. As noted above, there is
evidence of PACAPergic regulation of synaptic strength in addition to the PACAP
modulation of intrinsic currents discussed below (Cho et al., 2012; Costa et al., 2009).
Beyond synaptic strength, neuronal excitability may also be altered through changes in
intrinsic neuronal excitability, due to changes in ionic currents through voltage-gated
channels caused by changes in cell-surface channel expression or alteration in the
voltage-dependence of channel activation and/or inactivation. These modifications can
alter the basic properties of neuronal electrical activity, such as resting membrane
potential, spike threshold, or local excitability in neuronal processes which can produce
extensive changes in brain regions that impact behavior. The functional changes in the
intrinsic excitability of neurons can be regulated by canonical signaling pathways that
include AC/cAMP/PKA, PLC/DAG/IP3/PKC and MEK/ERK; here we review how some
intrinsic membrane currents can be regulated by PACAP/PAC1 receptor activation.
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Rapidly inactivating potassium currents or A-Currents (IA)
Canonical voltage-gated potassium channels (Kv) have principal roles in action
potential (AP) repolarization but can also regulate neuronal excitability by other means
such as the modulation of an A-current (IA). IA is a rapidly inactivating, voltagedependent, and 4-aminopyridine-sensitive outward potassium current that upon
activation, causes rapid repolarization following depolarization. A-type channels are
often found on dendritic processes to regulate local excitability; IA suppresses incoming
dendritic postsynaptic potentials, thereby diminishing the temporal and spatial summation
of signals at the soma to decrease AP generation probability. The assembly of Kv
tetramer subunits mediating IA conduction can include either Kv1.4, Kv3.4, or Kv4.1 4.3 subunits.(Kim & Hoffman, 2008) Kv1.4 and Kv3.4 are found on axons while Kv4.1 Kv4.3 are localized to dendrites and soma (Carrasquillo & Nerbonne, 2014; Kim &
Hoffman, 2008). The cellular distribution of these channels implicates their function; the
dendritic localization of these channels suggests roles in regulating the summation of
incoming postsynaptic potentials and the back-propagation of APs, somatic channels
might regulate overall excitability, and axonal channels may regulate AP transmission.
Hence, the differential distribution of Kv channels suggests that their modulation by
peptides could impact several different factors controlling neuronal excitability.
Direct assessment via voltage clamp by Gupte et al. (2016) found that
PACAP/PAC1 receptor signaling phosphorylated and diminished the surface expression
of Kv4.2 in cultured hippocampal neurons, resulting in a reduction of an outwardly
rectifying current consistent with IA (Gupte et al., 2016). These effects could be partially
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recapitulated with forskolin to increase endogenous cAMP production, suggesting a role
for PACAP/PAC1 receptor Gαs/adenylyl cyclase/cAMP signaling on IA. However, the
PACAP-mediated decrease in IA was completely blocked by co-treatments with the
MEK1/2 inhibitor U0126, which also implicated MEK/ERK activation as a critical
component of PACAP regulation of IA in these cells (Gupte et al., 2016). As PKA and
pERK phosphorylation sites have been identified on the regulatory domains of Kv4.2
(Carrasquillo & Nerbonne, 2014), these mechanisms in aggregate could directly regulate
Kv4.2 cell surface expression to reduce IA. Similar effects have been observed in
olfactory epithelial tissue where PACAP was shown to down regulate the surface
expression of Kv4.2 and Kv1.4; however, unlike the PKA- and MEK/ERK-dependent
mechanisms in hippocampal neurons, the downregulatory events in the olfactory
epithelium were dependent on PLC activation and intracellular calcium to suggest protein
kinase C (PKC) processes (Han & Lucero, 2006). The reduction/inhibition of I A channels
by PACAP would functionally facilitate neural excitation. With the localization of these
channels in dendritic arbors, the results in aggregate suggest PACAP roles in modulating
the strength of postsynaptic potentials and AP back-propagation, both of which are
known to participate in synaptic potentiation, especially important in learning and
memory processes.
Hyperpolarization-activated cyclic nucleotide gated cation currents or H-Currents (I H)
Hyperpolarization-activated cyclic nucleotide gated channels (HCN) are voltagegated cationic channels that upon activation allow inward currents (IH) to counter
membrane hyperpolarization, such as the after-hyperpolarization that can follow an AP,
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and can produce a rebound depolarization following the termination of that
hyperpolarization (Hille, 2001). Accordingly, IH can play a critical role in regulating
spike frequency and pacemaking in rhythmic firing neurons. HCN channels have been
identified in human DG granule cells and are sensitive to epileptiform stressors (Bender
et al., 2003). A number of regulatory sites have been identified within HCN channels
capable of modulating its activity, most notably a cyclic nucleotide binding site that when
bound affects the voltage-sensing domain of the channel, to allow the channel to open at
a less polarized voltage. Enhancement of IH can effectively decrease the amplitude and
duration of the neuronal spike afterhyperpolarization and thereby promote increase spike
frequency (Chen, Wang, & Siegelbaum, 2001). Given that HCN channels are jmodulated
by Gαs/adenylyl cyclase/cAMP signals in other tissues, their potential role in regulating
rat granule cell excitability is of interest.
An example of PACAP modulation of IH contributions to enhanced neuronal
excitability occurs in guinea pig cardiac neurons. PACAP/PAC1 receptor signaling
enhances IH in these postganglionic parasympathetic neurons due to a positive shift in
voltage-dependence of channel activation (Merriam, Barstow, & Parsons, 2004). In
current clamp recordings, PACAP enhanced both the rectification in the
hyperpolarization elicited by current injection and the rebound depolarization following
the termination of the hyperpolarization. A PACAP-induced enhancement of I H also
contributed to the peptide-induced increase in AP generation by depolarizing steps. The
effects of PACAP on cardiac neuron IH were recapitulated by forskolin, indicating that a
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PACAP-stimulated increase in cAMP signaling is responsible for the enhancement of I H
(Merriam et al., 2004).
Transient low voltage-activated calcium currents (IT)
Transient, low voltage-activated calcium currents (IT) are inward currents that
flow through T-type calcium channels (Iftinca & Zamponi, 2009; Talavera & Nilius,
2006). Their voltage-dependence of activation, transient nature and sensitivity to low
concentrations of nickel distinguishes T-type calcium currents from longer-lasting
calcium currents carried by other voltage-dependent calcium channels (Cav), such as Ltype, N-type and P-type channels (Catterall, 2011; Simms & Zamponi, 2014). The
principal pore-forming α-subunit of voltage-gated calcium channels Cav3.1, Cav3.2 and
Cav3.3, composed of a tandem of four homologous domains containing 6 transmembrane
α-helices each, carry IT. Among these, Cav3.2 is the best studied with the intracellular
loop between the second and third domain having known regulation sites by PKC, PKA,
and Gβγ (Sekiguchi & Kawabata, 2013). IT has an activation voltage more negative than
spike-threshold and functionally supports both burst firing and pacemaker activity. Often,
T-type calcium currents work in concert with IH to maintain net depolarizing inward
current following deactivation of IH (Catterall, 2011). Given these complementary roles,
T-type channels are often found to be expressed in some of the same regions as HCN
channels, including the sinoatrial node, and thalamic regions (Catterall, 2011).
Guinea pig cardiac neurons express T-type calcium channel transcripts and low
concentrations of nickel can suppress the PACAP-induced increase in excitability of
guinea pig cardiac neurons suggesting that the PACAP-induced changes in these neurons
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are due in part to an enhancement of IT.(Tompkins, Merriam, Girard, May, & Parsons,
2015) PACAP also increases IT in adrenal chromaffin cells, an effect reversed by
treatment with PKC inhibitors.(Hill, Chan, Kuri, & Smith, 2011) PACAP modulation of
IT is likely a mechanism contributing to the regulation of neuronal excitability by PACAP
in CNS neurons and as PACAP can engage multiple signaling pathways, the mechanisms
underlying its regulation of IT may be neuronal specific.
Calcium-activated potassium currents
PACAP, like many other neurotransmitters/neuropeptides, depresses a calciumdependent late slow outward potassium current in CA1 pyramidal cells (Taylor et al.,
2014). This slow outward current underlies the late slow component of the three
component afterhyperpolarization (AHP) that follows an AP in these neurons. The AHP
is markedly enhanced by repetitive AP generation (Sah & Faber, 2002). Inhibition of this
late slow outward current decreases AP frequency adaptation so that the number of APs
generated by depolarizing current injection increases. Part of this PACAP effect is
mediated through PAC1 receptor activation, the remainder through activation of VPAC1
receptors. Activation of AC/cAMP/PKA and p38 MAPK signaling cascades mediate the
PACAP modulation of the slow calcium-dependent potassium current (Taylor et al.,
2014).
In cerebellar neurons PACAP enhances calcium-sensitive, voltage-dependent big
conductance (BK) channel activity, an action mediated by activation of a
cAMP/Epac/p38 MAPK signaling (Ster et al., 2007). Similarly, PACAP activation of BK
channels in smooth muscle myocytes can contribute to the regulation of cerebral artery
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tone (Koide, Syed, Braas, May, & Wellman, 2014). Thus, it is quite likely that PACAP
modulation of BK channels in multiple neuronal types regulates resting membrane
potentials. PACAP may also alter neuronal calcium-dependent small-conductance (SK)
channels, although direct evidence for this has not been demonstrated. SK channels
typically regulate a slow-afterhyperpolarization event in some neurons following
significant firing events such as bursts, where intracellular calcium rises to activate the
channel (Hille, 2001). Tonic levels of PKA-activation regulate SK channel clustering and
activity (Abiraman, Sah, Walikonis, Lykotrafitis, & Tzingounis, 2016), thus PACAP
regulation of SK channel activity could occur through activation of AC/cAMP/PKA
signaling.
Overall, these observations demonstrate that PACAP can potentially modulate
different types of calcium-dependent potassium-channels; whether enhancing or
depressing their activity being dependent on the specific channel and neuronal
expression.
Voltage-gated sodium channels
Given the diversity of PACAP-stimulated intracellular signaling cascades,
PACAP likely activates and/or inhibits other ionic conductances that regulate excitability
in addition to those above. For instance, modulation of different voltage-gated sodium
channels (Nav) potentially could mediate some effects of PACAP on neuronal
excitability. In early studies examining the effect of PACAP on neuronal activity
Shibuya et al. (1998) demonstrated that PACAP induced a sodium-dependent
depolarization that increased spiking behavior. More recent studies in guinea pig cardiac
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ganglion cells showed that the PACAP-induced increase in excitability is sensitive to
treatment with putative Nav1.7 channel inhibitors (Tompkins et al., 2016). The
enhancement of Nav1.7 was mediated through a PACAP/PAC1 activation of MEK/ERK
signaling. Consistent with this conclusion, earlier studies reported that Nav1.7 channel α
subunits were phosphorylated by pERK; the phosphorylation initiating a hyperpolarizing
shift in the voltage dependence of channel activation (Stamboulian et al., 2010).
Another sodium current that regulates action potential generation, frequency, and
shape is the non-inactivating, or persistent sodium current (IpNa). IpNa composes a small,
but significant portion (~5%) of the inward sodium current that supports multiple firing
in neurons, but due to their propensity to not inactivate with time, can account for
significant changes in neuronal activity with their modulation (Kiss, 2008). It is not
currently known whether IpNa is carried by a specific isoform of sodium channel, or due
to varied inactivation mechanisms of similar channels that otherwise do inactivate, but
the effect of modulation by phosphorylation through MEK/ERK or PKA could have
profound consequences on neuronal excitability.
As noted above, sodium channel modulation by PACAP is a potential mechanism
contributing to neuronal excitability in CNS neurons. However, direct assessment of
PACAP modulation of neuronal sodium currents in intact CNS neurons is difficult
because of their complicated geometry and because the gating kinetics of neuronal
voltage-gated sodium channels are commonly too fast to accurately measure under
voltage clamp conditions. While this shortcoming potentially might be addressed with
experiments conducted at lower temperatures, PACAP likely does not initiate some of its
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signaling cascades below physiological temperatures (Merriam et al., 2013). Using
pharmacological treatments with sodium channel inhibitors, combined with AP
measurements under current clamp recording conditions, also is likely not to be as useful
an approach with CNS neurons as with peripheral neurons, in part because of limited
selectivity of most inhibitors between Nav channel types in CNS neurons. Thus, although
modulation of Nav channels is potentially a component of the PACAP-mediated change
in excitability, the role and mechanisms remain to be elucidated.
PACAP regulation of ion channels can lead to changes in behavior
The observations that PACAP can cause acute behavioral changes suggest that
PACAP may rapidly alter neuronal activity in limbic circuits in part by regulating ion
channel conductances. For example, our laboratory and others have demonstrated that
PACAP actions in the central nucleus of the amygdala (CeA) and the bed nucleus of the
stria terminalis (BNST) participate in chronic stress and pain mechanisms. The ion
channels that participate in the CeA- and BNST-mediated behavioral changes can be
variable and notably, the CeA and BNST express channels that can carry I A, IH, and IT
described above. Despite the abundance of PAC1 transcript expressed by DG granule
cells and the clear evidence that PACAP can regulate neuronal excitability, there are no
reported instances of PACAP control of the excitability of these cells.
Summary and Aims
Contextual control of behavior is key to the regulation of avoidance and approach
behaviors based on prior experiences. The interpretation of contexts through spatial
awareness is largely reliant on hippocampal function, and the DG is critical for
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distinguishing between very similar contexts. Failure to discriminate between similar
contexts in which minor details may provide clues for prediction may lead to
overgeneralization, and inappropriate fear responding. The PACAP/PAC1 system has
been implicated in a number of fear and anxiety phenotypes in both humans and rodents,
as well as with impaired hippocampal function. The binding to PAC1 receptors can
potently and efficaciously generate multiple intracellular second messengers including
Gαs, Gαq and β-arrestin. These second messengers can activate downstream
AC/cAMP/PKA, PLC/DAG/IP3/PKC, and endosomal MEK/ERK pathways to regulate
diverse cellular functions acutely for rapid neuronal signaling or long-term for adaptive
neuroplasticity that may accompany development or responses to physiological
challenges. Among these functions, PACAP/PAC1 receptor-mediated increase in
neuronal excitability can involve the integrated contributions from multiple channel types
modulated through the activation of different intracellular signaling pathways. Given the
inconclusive nature of the literature surrounding CA1 PACAP signaling, the very dense
expression of PAC1 in the DG, and the extant physiological data implicating PAC1
control of the DG, the role of PACAPergic control of the DG in behavior and DG
physiology is a prime target for exploration.
The experiments in this dissertation address three specific aims intended to
elucidate the effects of PACAP signaling in the DG of the hippocampus. Aim 1 was to
define the receptor and cell signaling pathways that regulate the excitability of granule
cells, which we determined to be the MEK/ERK pathway to the exclusion of AC- and
PLC-mediated pathways. Aim 2 was to define the ion channels involved in regulating
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PACAP-induced excitability, which we tentatively concluded to be the riluzole-sensitive
persistent sodium current. Aim 3 was to establish whether or not PACAP played any role
in regulating behavior, in which we found that PACAP infusion may play a role in
regulating retrieval of contextual fear without changing encoding. The systematic address
of these aims provide evidence consistent with the interpretation that PACAP plays a role
in regulating contextual fear through DG granule cell PAC1 receptor activation and
recruitment of the MEK/ERK signaling cascade. These and future experiments provide
relevant information that furthers the understanding of peptide regulation of cell
excitability and regulation of behavior.
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Figures

Figure 1.1: Hippocampal tri-synaptic loop.
Axons emanating from layer 2 of the entorhinal cortex form the perforant path that
synapses on DG granule cell dendrites in the DG molecular layer. DG granule cells then
project mossy fiber axons onto CA3 pyramidal cells. CA3 pyramidal cells project
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Schaeffer Collaterals to CA1 pyramidal cells, and CA1 projects back to EC layer 5. EC:
entorhinal cortex, DG: dentate gyrus, CA3: cornus ammonis 3, CA1: cornus ammonis 1.
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Figure 1.2: Intrinsic DG neural circuitry
Major cell types and internal circuitry of the DG are illustrated. Perforant path axons
stimulate the activity of DG granule cells, granule cells excite CA1 pyramidal cells
through mossy fiber projection and collaterals excite hilar mossy cells. Mossy cells
project excitatory input back onto both inhibitory basket cells to indirectly inhibit granule
cells, and directly back onto granule cells to excite them. Mossy cells also receive an
excitatory projection from CA3 pyramidal cells. Hilar mossy cells may be the only cells
in the region that express PACAP. DG: dentate gyrus, CA1: cornus ammonis 1, CA3:
cornus ammonis 3, CA4: cornu ammonis 4.
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Figure 1.3: Schematic of contextual fear conditioning circuitry.
Sensory information about the environment is received in the entorhinal cortex and
projected to the DH where it is integrated and processed into spatial representations.
Processed spatial information is then projected to the lateral amygdala from both CA1
and the EC where it converges with fear inducing stimuli. LA projections to the CeA
promote fear behavior through its functional connections with regions that stimulate
sympathetic nervous system activation, HPA axis activation, and freezing and other
defensive responses. EC: entorhinal cortex, DH: dorsal hippocampus, CA1: cornua
ammonis 1, LA: lateral amygdala, CeA: central amygdala, HPA: hypothalamic pituitary
adrenal.
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Figure 1.4: Schematic of contextual fear retrieval
Valenced or neutral sensory information is received at the EC where it is projected to the
DH and integrated into spatial representations. Processed spatial information is then
projected to the mPFC. If the spatial representation is interpreted as threatening,
projections from the mPFC activate the LA and CeA, if the spatial representation is
interpreted as safe, projections from the mPFC activate interneurons of the ITC which
inhibit fear output neurons of the CeA. EC: entorhinal cortex, DH: dorsal hippocampus,
LA: lateral amygdala, CeA: central amygdala, mPFC: medial prefrontal cortex, ITC:
intercalated cell region of the amygdala.
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Figure 1.5: PACAPergic activation of intracellular signaling and subsequent ion
channel modulation.
PACAP/PAC1 activates multiple signaling pathways to regulate several ionic currents
controlling intrinsic neuronal excitability. The PAC1 receptor is dually-coupled to Gαs
and Gαq subunits, which activate adenylyl cyclase and phospholipase C respectively.
cAMP and PKA are both capable of modulating ionic currents, as well as stimulating
further signaling factors, such as EPAC and MEK/ERK. cAMP directly modulates HCN
currents and PKA can modulate A-type, T-type, and slow-AHP (sAHP) currents. sAHP
currents are also sensitive to p38MAPK. Downstream of PLC, PKC has been shown to
modulate multiple ionic currents including T-type currents. PAC1 is also capable of
stimulating phosphorylation of ERK via receptor endocytosis. Phosphorylated ERK
modulates A-type potassium and voltage-gated sodium currents.
45

References for Introduction
Abiraman, K., Sah, M., Walikonis, R. S., Lykotrafitis, G., & Tzingounis, A. V. (2016).
Tonic PKA Activity Regulates SK Channel Nanoclustering and Somatodendritic
Distribution. J Mol Biol, 428(11), 2521-2537. doi:10.1016/j.jmb.2016.04.014
Allen, G. V., & Cechetto, D. F. J. J. o. C. N. (1992). Functional and anatomical
organization of cardiovascular pressor and depressor sites in the lateral
hypothalamic area: I. Descending projections. 315(3), 313-332.
Alvares Lde, O., Einarsson, E. O., Santana, F., Crestani, A. P., Haubrich, J., Cassini, L.
F., . . . Quillfeldt, J. A. (2012). Periodically reactivated context memory retains its
precision and dependence on the hippocampus. Hippocampus, 22(5), 1092-1095.
doi:10.1002/hipo.20983
Amaral, D. G., & Campbell, M. J. (1986). Transmitter systems in the primate dentate
gyrus. Hum Neurobiol, 5(3), 169-180.
Amaral, D. G., Scharfman, H. E., & Lavenex, P. (2007). The dentate gyrus: fundamental
neuroanatomical organization (dentate gyrus for dummies). Prog Brain Res, 163,
3-22. doi:10.1016/s0079-6123(07)63001-5
Amaral, D. G., & Witter, M. P. (1989). The three-dimensional organization of the
hippocampal formation: a review of anatomical data. Neuroscience, 31(3), 571591.
Anagnostaras, S. G., Maren, S., & Fanselow, M. S. (1999). Temporally graded retrograde
amnesia of contextual fear after hippocampal damage in rats: within-subjects
examination. J Neurosci, 19(3), 1106-1114.
Applegate, C. D., Frysinger, R. C., Kapp, B. S., & Gallagher, M. (1982). Multiple unit
activity recorded from amygdala central nucleus during Pavlovian heart rate
conditioning in rabbit. Brain Res, 238(2), 457-462.
Astur, R. S., St Germain, S. A., Tolin, D., Ford, J., Russell, D., & Stevens, M. (2006).
Hippocampus function predicts severity of post-traumatic stress disorder.
Cyberpsychol Behav, 9(2), 234-240. doi:10.1089/cpb.2006.9.234
Bender, R. A., Soleymani, S. V., Brewster, A. L., Nguyen, S. T., Beck, H., Mathern, G.
W., & Baram, T. Z. (2003). Enhanced expression of a specific hyperpolarizationactivated cyclic nucleotide-gated cation channel (HCN) in surviving dentate gyrus
granule cells of human and experimental epileptic hippocampus. J Neurosci,
23(17), 6826-6836.
Bernier, B. E., Lacagnina, A. F., Ayoub, A., Shue, F., Zemelman, B. V., Krasne, F. B., &
Drew, M. R. (2017). Dentate Gyrus Contributes to Retrieval as well as Encoding:
46

Evidence from Context Fear Conditioning, Recall, and Extinction. J Neurosci,
37(26), 6359-6371. doi:10.1523/jneurosci.3029-16.2017
Besnard, A., Laroche, S., & Caboche, J. (2014). Comparative dynamics of MAPK/ERK
signalling components and immediate early genes in the hippocampus and
amygdala following contextual fear conditioning and retrieval. Brain Struct
Funct, 219(1), 415-430. doi:10.1007/s00429-013-0505-y
Blaabjerg, M., & Zimmer, J. (2007). The dentate mossy fibers: structural organization,
development and plasticity. Prog Brain Res, 163, 85-107. doi:10.1016/s00796123(07)63005-2
Bliss, T. V., & Lømo, T. J. T. J. o. p. (1973). Long‐lasting potentiation of synaptic
transmission in the dentate area of the anaesthetized rabbit following stimulation
of the perforant path. 232(2), 331-356.
Buckmaster, P. S., Strowbridge, B. W., Kunkel, D. D., Schmiege, D. L., &
Schwartzkroin, P. A. (1992). Mossy cell axonal projections to the dentate gyrus
molecular layer in the rat hippocampal slice. Hippocampus, 2(4), 349-362.
doi:10.1002/hipo.450020403
Campeau, S., & Davis, M. (1995). Involvement of subcortical and cortical afferents to the
lateral nucleus of the amygdala in fear conditioning measured with fearpotentiated startle in rats trained concurrently with auditory and visual
conditioned stimuli. J Neurosci, 15(3 Pt 2), 2312-2327.
Carrasquillo, Y., & Nerbonne, J. M. (2014). IA channels: diverse regulatory mechanisms.
Neuroscientist, 20(2), 104-111. doi:10.1177/1073858413504003
Catterall, W. A. (2011). Voltage-gated calcium channels. Cold Spring Harb Perspect
Biol, 3(8), a003947. doi:10.1101/cshperspect.a003947
Chen, S., Wang, J., & Siegelbaum, S. A. (2001). Properties of hyperpolarizationactivated pacemaker current defined by coassembly of HCN1 and HCN2 subunits
and basal modulation by cyclic nucleotide. J Gen Physiol, 117(5), 491-504.
Cho, J. H., Zushida, K., Shumyatsky, G. P., Carlezon, W. A., Jr., Meloni, E. G., &
Bolshakov, V. Y. (2012). Pituitary adenylate cyclase-activating polypeptide
induces postsynaptically expressed potentiation in the intra-amygdala circuit. J
Neurosci, 32(41), 14165-14177. doi:10.1523/jneurosci.1402-12.2012
Chun, M. M., & Phelps, E. A. (1999). Memory deficits for implicit contextual
information in amnesic subjects with hippocampal damage. Nat Neurosci, 2(9),
844-847. doi:10.1038/12222

47

Ciranna, L., & Cavallaro, S. (2003). Opposing effects by pituitary adenylate cyclaseactivating polypeptide and vasoactive intestinal peptide on hippocampal synaptic
transmission. Exp Neurol, 184(2), 778-784. doi:10.1016/s0014-4886(03)00300-5
Condro, M. C., Matynia, A., Foster, N. N., Ago, Y., Rajbhandari, A. K., Van, C., . . .
Waschek, J. A. (2016). High-resolution characterization of a PACAP-EGFP
transgenic mouse model for mapping PACAP-expressing neurons. J Comp
Neurol, 524(18), 3827-3848. doi:10.1002/cne.24035
Costa, L., Santangelo, F., Li Volsi, G., & Ciranna, L. (2009). Modulation of AMPA
receptor-mediated ion current by pituitary adenylate cyclase-activating
polypeptide (PACAP) in CA1 pyramidal neurons from rat hippocampus.
Hippocampus, 19(1), 99-109. doi:10.1002/hipo.20488
Debiec, J., LeDoux, J. E., & Nader, K. (2002). Cellular and systems reconsolidation in
the hippocampus. Neuron, 36(3), 527-538.
Denny, C. A., Kheirbek, M. A., Alba, E. L., Tanaka, K. F., Brachman, R. A., Laughman,
K. B., . . . Hen, R. (2014). Hippocampal memory traces are differentially
modulated by experience, time, and adult neurogenesis. Neuron, 83(1), 189-201.
doi:10.1016/j.neuron.2014.05.018
Dolorfo, C. L., & Amaral, D. G. (1998). Entorhinal cortex of the rat: topographic
organization of the cells of origin of the perforant path projection to the dentate
gyrus. J Comp Neurol, 398(1), 25-48.
Doyere, V., & Laroche, S. (1992). Linear relationship between the maintenance of
hippocampal long-term potentiation and retention of an associative memory.
Hippocampus, 2(1), 39-48. doi:10.1002/hipo.450020106
Eichenbaum, H. (2000). Hippocampus: mapping or memory? , 10(21), R785-R787.
Eichenbaum, H., Amaral, D. G., Buffalo, E. A., Buzsaki, G., Cohen, N., Davachi, L., . . .
Witter, M. (2016). Hippocampus at 25. Hippocampus, 26(10), 1238-1249.
doi:10.1002/hipo.22616
Eichenbaum, H., & Cohen, N. J. (2014). Can we reconcile the declarative memory and
spatial navigation views on hippocampal function? Neuron, 83(4), 764-770.
doi:10.1016/j.neuron.2014.07.032
Einarsson, E. O., Pors, J., & Nader, K. (2015). Systems reconsolidation reveals a
selective role for the anterior cingulate cortex in generalized contextual fear
memory expression. Neuropsychopharmacology, 40(2), 480-487.
doi:10.1038/npp.2014.197

48

Elgueta, C., Kohler, J., & Bartos, M. (2015). Persistent discharges in dentate gyrus
perisoma-inhibiting interneurons require hyperpolarization-activated cyclic
nucleotide-gated channel activation. J Neurosci, 35(10), 4131-4139.
doi:10.1523/jneurosci.3671-14.2015
Fanselow, M. S., & Dong, H. W. (2010). Are the dorsal and ventral hippocampus
functionally distinct structures? Neuron, 65(1), 7-19.
doi:10.1016/j.neuron.2009.11.031
Fanselow, M. S., & Kim, J. J. (1994). Acquisition of contextual Pavlovian fear
conditioning is blocked by application of an NMDA receptor antagonist D,L-2amino-5-phosphonovaleric acid to the basolateral amygdala. Behav Neurosci,
108(1), 210-212.
Garfinkel, S. N., Abelson, J. L., King, A. P., Sripada, R. K., Wang, X., Gaines, L. M., &
Liberzon, I. (2014). Impaired contextual modulation of memories in PTSD: an
fMRI and psychophysiological study of extinction retention and fear renewal. J
Neurosci, 34(40), 13435-13443. doi:10.1523/jneurosci.4287-13.2014
Goodman, A. M., Harnett, N. G., & Knight, D. C. (2018). Pavlovian conditioned
diminution of the neurobehavioral response to threat. Neurosci Biobehav Rev, 84,
218-224. doi:10.1016/j.neubiorev.2017.11.021
Gupte, R. P., Kadunganattil, S., Shepherd, A. J., Merrill, R., Planer, W., Bruchas, M. R., .
. . Mohapatra, D. P. (2016). Convergent phosphomodulation of the major
neuronal dendritic potassium channel Kv4.2 by pituitary adenylate cyclaseactivating polypeptide. Neuropharmacology, 101, 291-308.
doi:10.1016/j.neuropharm.2015.10.006
Gurvits, T. V., Shenton, M. E., Hokama, H., Ohta, H., Lasko, N. B., Gilbertson, M. W., .
. . Pitman, R. K. (1996). Magnetic resonance imaging study of hippocampal
volume in chronic, combat-related posttraumatic stress disorder. Biol Psychiatry,
40(11), 1091-1099. doi:10.1016/s0006-3223(96)00229-6
Halasy, K., & Somogyi, P. (1993). Subdivisions in the multiple GABAergic innervation
of granule cells in the dentate gyrus of the rat hippocampus. Eur J Neurosci, 5(5),
411-429.
Hamann, S. J. T. i. c. s. (2001). Cognitive and neural mechanisms of emotional memory.
5(9), 394-400.
Hammack, S. E., Cheung, J., Rhodes, K. M., Schutz, K. C., Falls, W. A., Braas, K. M., &
May, V. (2009). Chronic stress increases pituitary adenylate cyclase-activating
peptide (PACAP) and brain-derived neurotrophic factor (BDNF) mRNA
expression in the bed nucleus of the stria terminalis (BNST): roles for PACAP in
49

anxiety-like behavior. Psychoneuroendocrinology, 34(6), 833-843.
doi:10.1016/j.psyneuen.2008.12.013
Hammack, S. E., & May, V. (2015). Pituitary adenylate cyclase activating polypeptide in
stress-related disorders: data convergence from animal and human studies. Biol
Psychiatry, 78(3), 167-177. doi:10.1016/j.biopsych.2014.12.003
Han, P., & Lucero, M. T. (2006). Pituitary adenylate cyclase activating polypeptide
reduces expression of Kv1.4 and Kv4.2 subunits underlying A-type K(+) current
in adult mouse olfactory neuroepithelia. Neuroscience, 138(2), 411-419.
doi:10.1016/j.neuroscience.2005.11.028
Hartley, T., Lever, C., Burgess, N., & O'Keefe, J. (2014). Space in the brain: how the
hippocampal formation supports spatial cognition. Philos Trans R Soc Lond B
Biol Sci, 369(1635), 20120510. doi:10.1098/rstb.2012.0510
Hashimoto, H., Ishihara, T., Shigemoto, R., Mori, K., & Nagata, S. (1993). Molecular
cloning and tissue distribution of a receptor for pituitary adenylate cyclaseactivating polypeptide. Neuron, 11(2), 333-342.
Hashimoto, R., Hashimoto, H., Shintani, N., Chiba, S., Hattori, S., Okada, T., . . . Baba,
A. (2007). Pituitary adenylate cyclase-activating polypeptide is associated with
schizophrenia. Mol Psychiatry, 12(11), 1026-1032. doi:10.1038/sj.mp.4001982
Hashimoto, R., Hashimoto, H., Shintani, N., Ohi, K., Hori, H., Saitoh, O., . . . Kunugi, H.
(2010). Possible association between the pituitary adenylate cyclase-activating
polypeptide (PACAP) gene and major depressive disorder. Neurosci Lett, 468(3),
300-302. doi:10.1016/j.neulet.2009.11.019
Hernandez-Rabaza, V., Hontecillas-Prieto, L., Velazquez-Sanchez, C., Ferragud, A.,
Perez-Villaba, A., Arcusa, A., . . . Canales, J. J. (2008). The hippocampal dentate
gyrus is essential for generating contextual memories of fear and drug-induced
reward. Neurobiol Learn Mem, 90(3), 553-559. doi:10.1016/j.nlm.2008.06.008
Hill, J., Chan, S. A., Kuri, B., & Smith, C. (2011). Pituitary adenylate cyclase-activating
peptide (PACAP) recruits low voltage-activated T-type calcium influx under
acute sympathetic stimulation in mouse adrenal chromaffin cells. J Biol Chem,
286(49), 42459-42469. doi:10.1074/jbc.M111.289389
Hille, B. (2001). Ion channels of excitable membranes (Vol. 507): Sinauer Sunderland,
MA.
Iftinca, M. C., & Zamponi, G. W. (2009). Regulation of neuronal T-type calcium
channels. Trends Pharmacol Sci, 30(1), 32-40. doi:10.1016/j.tips.2008.10.004

50

Ishizuka, N., Weber, J., & Amaral, D. G. (1990). Organization of intrahippocampal
projections originating from CA3 pyramidal cells in the rat. J Comp Neurol,
295(4), 580-623. doi:10.1002/cne.902950407
Jarrard, L. E. (1993). On the role of the hippocampus in learning and memory in the rat.
Behav Neural Biol, 60(1), 9-26.
Jaworski, D. M., & Proctor, M. D. (2000). Developmental regulation of pituitary
adenylate cyclase-activating polypeptide and PAC(1) receptor mRNA expression
in the rat central nervous system. Brain Res Dev Brain Res, 120(1), 27-39.
Jiang, S. Z., & Eiden, L. E. (2016). Activation of the HPA axis and depression of feeding
behavior induced by restraint stress are separately regulated by PACAPergic
neurotransmission in the mouse. Stress, 19(4), 374-382.
doi:10.1080/10253890.2016.1174851
Jinde, S., Zsiros, V., Jiang, Z., Nakao, K., Pickel, J., Kohno, K., . . . Nakazawa, K.
(2012). Hilar mossy cell degeneration causes transient dentate granule cell
hyperexcitability and impaired pattern separation. Neuron, 76(6), 1189-1200.
doi:10.1016/j.neuron.2012.10.036
Josselyn, S. A., Kohler, S., & Frankland, P. W. (2015). Finding the engram. Nat Rev
Neurosci, 16(9), 521-534. doi:10.1038/nrn4000
Jovanovic, T., Norrholm, S. D., Davis, J., Mercer, K. B., Almli, L., Nelson, A., . . .
Bradley, B. (2013). PAC1 receptor (ADCYAP1R1) genotype is associated with
dark-enhanced startle in children. Mol Psychiatry, 18(7), 742-743.
doi:10.1038/mp.2012.98
Jovanovic, T., Phifer, J. E., Sicking, K., Weiss, T., Norrholm, S. D., Bradley, B., &
Ressler, K. J. (2011). Cortisol suppression by dexamethasone reduces exaggerated
fear responses in posttraumatic stress disorder. Psychoneuroendocrinology,
36(10), 1540-1552. doi:10.1016/j.psyneuen.2011.04.008
Kapp, B. S., Gallagher, M., Underwood, M. D., McNall, C. L., & Whitehorn, D. (1982).
Cardiovascular responses elicited by electrical stimulation of the amygdala central
nucleus in the rabbit. Brain Res, 234(2), 251-262.
Kim, J., & Hoffman, D. A. (2008). Potassium channels: newly found players in synaptic
plasticity. Neuroscientist, 14(3), 276-286. doi:10.1177/1073858408315041
King, S. B., Lezak, K. R., O'Reilly, M., Toufexis, D. J., Falls, W. A., Braas, K., . . .
Hammack, S. E. (2017). The Effects of Prior Stress on Anxiety-Like Responding
to Intra-BNST Pituitary Adenylate Cyclase Activating Polypeptide in Male and
Female Rats. Neuropsychopharmacology, 42(8), 1679-1687.
doi:10.1038/npp.2017.16
51

Kirchheim, F., Tinnes, S., Haas, C. A., Stegen, M., & Wolfart, J. (2013). Regulation of
action potential delays via voltage-gated potassium Kv1.1 channels in dentate
granule cells during hippocampal epilepsy. Front Cell Neurosci, 7, 248.
doi:10.3389/fncel.2013.00248
Kiss, T. (2008). Persistent Na-channels: origin and function. A review. Acta Biol Hung,
59 Suppl, 1-12. doi:10.1556/ABiol.59.2008.Suppl.1
Kitamura, T., Ogawa, S. K., Roy, D. S., Okuyama, T., Morrissey, M. D., Smith, L. M., . .
. Tonegawa, S. (2017). Engrams and circuits crucial for systems consolidation of
a memory. Science, 356(6333), 73-78. doi:10.1126/science.aam6808
Kocho-Schellenberg, M., Lezak, K. R., Harris, O. M., Roelke, E., Gick, N., Choi, I., . . .
Hammack, S. E. (2014). PACAP in the BNST produces anorexia and weight loss
in male and female rats. Neuropsychopharmacology, 39(7), 1614-1623.
doi:10.1038/npp.2014.8
Koide, M., Syed, A. U., Braas, K. M., May, V., & Wellman, G. C. (2014). Pituitary
adenylate cyclase activating polypeptide (PACAP) dilates cerebellar arteries
through activation of large-conductance Ca(2+)-activated (BK) and ATP-sensitive
(K ATP) K (+) channels. J Mol Neurosci, 54(3), 443-450. doi:10.1007/s12031014-0301-z
Kondo, T., Tominaga, T., Ichikawa, M., & Iijima, T. (1997). Differential alteration of
hippocampal synaptic strength induced by pituitary adenylate cyclase activating
polypeptide-38 (PACAP-38). Neurosci Lett, 221(2-3), 189-192.
Kotowski, S. J., Hopf, F. W., Seif, T., Bonci, A., & von Zastrow, M. (2011). Endocytosis
promotes rapid dopaminergic signaling. Neuron, 71(2), 278-290.
doi:10.1016/j.neuron.2011.05.036
Krueppel, R., Remy, S., & Beck, H. (2011). Dendritic integration in hippocampal dentate
granule cells. Neuron, 71(3), 512-528. doi:10.1016/j.neuron.2011.05.043
Kuri, B. A., Chan, S. A., & Smith, C. B. (2009). PACAP regulates immediate
catecholamine release from adrenal chromaffin cells in an activity-dependent
manner through a protein kinase C-dependent pathway. J Neurochem, 110(4),
1214-1225. doi:10.1111/j.1471-4159.2009.06206.x
Kwon, J. T., Nakajima, R., Kim, H. S., Jeong, Y., Augustine, G. J., & Han, J. H. (2014).
Optogenetic activation of presynaptic inputs in lateral amygdala forms associative
fear memory. Learn Mem, 21(11), 627-633. doi:10.1101/lm.035816.114
LaBar, K. S., & Cabeza, R. J. N. R. N. (2006). Cognitive neuroscience of emotional
memory. 7(1), 54.
52

LaBar, K. S., & Phelps, E. A. J. B. n. (2005). Reinstatement of conditioned fear in
humans is context dependent and impaired in amnesia. 119(3), 677.
Lashley, K. S. (1950). In search of the engram.
LeDoux, J. E., Cicchetti, P., Xagoraris, A., & Romanski, L. M. J. J. o. N. (1990). The
lateral amygdaloid nucleus: sensory interface of the amygdala in fear
conditioning. 10(4), 1062-1069.
LeDoux, J. E., Iwata, J., Cicchetti, P., & Reis, D. J. (1988). Different projections of the
central amygdaloid nucleus mediate autonomic and behavioral correlates of
conditioned fear. J Neurosci, 8(7), 2517-2529.
Lee, I., & Kesner, R. P. (2004). Encoding versus retrieval of spatial memory: double
dissociation between the dentate gyrus and the perforant path inputs into CA3 in
the dorsal hippocampus. Hippocampus, 14(1), 66-76. doi:10.1002/hipo.10167
Lein, E. S., Hawrylycz, M. J., Ao, N., Ayres, M., Bensinger, A., Bernard, A., . . . Jones,
A. R. (2007). Genome-wide atlas of gene expression in the adult mouse brain.
Nature, 445(7124), 168-176. doi:10.1038/nature05453
Leranth, C., & Hajszan, T. (2007). Extrinsic afferent systems to the dentate gyrus. Prog
Brain Res, 163, 63-84. doi:10.1016/s0079-6123(07)63004-0
Lezak, K. R., Roelke, E., Harris, O. M., Choi, I., Edwards, S., Gick, N., . . . Hammack, S.
E. (2014). Pituitary adenylate cyclase-activating polypeptide (PACAP) in the bed
nucleus of the stria terminalis (BNST) increases corticosterone in male and
female rats. Psychoneuroendocrinology, 45, 11-20.
doi:10.1016/j.psyneuen.2014.03.007
Lissek, S., Powers, A. S., McClure, E. B., Phelps, E. A., Woldehawariat, G., Grillon, C.,
& Pine, D. S. (2005). Classical fear conditioning in the anxiety disorders: a metaanalysis. Behav Res Ther, 43(11), 1391-1424. doi:10.1016/j.brat.2004.10.007
Liu, X., Ramirez, S., Pang, P. T., Puryear, C. B., Govindarajan, A., Deisseroth, K., &
Tonegawa, S. (2012). Optogenetic stimulation of a hippocampal engram activates
fear memory recall. Nature, 484(7394), 381-385. doi:10.1038/nature11028
Lopresto, D., Schipper, P., & Homberg, J. R. (2016). Neural circuits and mechanisms
involved in fear generalization: Implications for the pathophysiology and
treatment of posttraumatic stress disorder. Neurosci Biobehav Rev, 60, 31-42.
doi:10.1016/j.neubiorev.2015.10.009
Luttrell, L. M. (2008). Reviews in molecular biology and biotechnology: transmembrane
signaling by G protein-coupled receptors. Mol Biotechnol, 39(3), 239-264.
doi:10.1007/s12033-008-9031-1
53

Macdonald, D. S., Weerapura, M., Beazely, M. A., Martin, L., Czerwinski, W., Roder, J.
C., . . . MacDonald, J. F. (2005). Modulation of NMDA receptors by pituitary
adenylate cyclase activating peptide in CA1 neurons requires G alpha q, protein
kinase C, and activation of Src. J Neurosci, 25(49), 11374-11384.
doi:10.1523/jneurosci.3871-05.2005
Maren, S. (2001). Neurobiology of Pavlovian fear conditioning. Annu Rev Neurosci, 24,
897-931. doi:10.1146/annurev.neuro.24.1.897
Maren, S., Aharonov, G., & Fanselow, M. S. (1996). Retrograde abolition of conditional
fear after excitotoxic lesions in the basolateral amygdala of rats: absence of a
temporal gradient. Behav Neurosci, 110(4), 718-726.
Maren, S., Aharonov, G., & Fanselow, M. S. (1997). Neurotoxic lesions of the dorsal
hippocampus and Pavlovian fear conditioning in rats. Behav Brain Res, 88(2),
261-274.
Maren, S., Phan, K. L., & Liberzon, I. (2013). The contextual brain: implications for fear
conditioning, extinction and psychopathology. Nat Rev Neurosci, 14(6), 417-428.
doi:10.1038/nrn3492
Matsuyama, S., Matsumoto, A., Hashimoto, H., Shintani, N., & Baba, A. (2003).
Impaired long-term potentiation in vivo in the dentate gyrus of pituitary adenylate
cyclase-activating polypeptide (PACAP) or PACAP type 1 receptor-mutant mice.
Neuroreport, 14(16), 2095-2098. doi:10.1097/01.wnr.0000090953.15465.5a
May, V., Buttolph, T. R., Girard, B. M., Clason, T. A., & Parsons, R. L. (2014). PACAPinduced ERK activation in HEK cells expressing PAC1 receptors involves both
receptor internalization and PKC signaling. Am J Physiol Cell Physiol, 306(11),
C1068-1079. doi:10.1152/ajpcell.00001.2014
May, V., Lutz, E., MacKenzie, C., Schutz, K. C., Dozark, K., & Braas, K. M. (2010).
Pituitary adenylate cyclase-activating polypeptide (PACAP)/PAC1HOP1 receptor
activation coordinates multiple neurotrophic signaling pathways: Akt activation
through phosphatidylinositol 3-kinase gamma and vesicle endocytosis for
neuronal survival. J Biol Chem, 285(13), 9749-9761.
doi:10.1074/jbc.M109.043117
May, V., & Parsons, R. L. (2017). G Protein-Coupled Receptor Endosomal Signaling and
Regulation of Neuronal Excitability and Stress Responses: Signaling Options and
Lessons From the PAC1 Receptor. J Cell Physiol, 232(4), 698-706.
doi:10.1002/jcp.25615
McDonald, P. H., Chow, C. W., Miller, W. E., Laporte, S. A., Field, M. E., Lin, F. T., . . .
Lefkowitz, R. J. (2000). Beta-arrestin 2: a receptor-regulated MAPK scaffold for
the activation of JNK3. Science, 290(5496), 1574-1577.
54

McKernan, M. G., & Shinnick-Gallagher, P. (1997). Fear conditioning induces a lasting
potentiation of synaptic currents in vitro. Nature, 390(6660), 607-611.
doi:10.1038/37605
Mercer, K. B., Dias, B., Shafer, D., Maddox, S. A., Mulle, J. G., Hu, P., . . . Ressler, K. J.
(2016). Functional evaluation of a PTSD-associated genetic variant: estradiol
regulation and ADCYAP1R1. Transl Psychiatry, 6(12), e978.
doi:10.1038/tp.2016.241
Merriam, L. A., Baran, C. N., Girard, B. M., Hardwick, J. C., May, V., & Parsons, R. L.
(2013). Pituitary adenylate cyclase 1 receptor internalization and endosomal
signaling mediate the pituitary adenylate cyclase activating polypeptide-induced
increase in guinea pig cardiac neuron excitability. J Neurosci, 33(10), 4614-4622.
doi:10.1523/jneurosci.4999-12.2013
Merriam, L. A., Barstow, K. L., & Parsons, R. L. (2004). Pituitary adenylate cyclaseactivating polypeptide enhances the hyperpolarization-activated nonselective
cationic conductance, Ih, in dissociated guinea pig intracardiac neurons. Regul
Pept, 123(1-3), 123-133. doi:10.1016/j.regpep.2004.04.019
Miles, O. W., Thrailkill, E. A., Linden, A. K., May, V., Bouton, M. E., & Hammack, S.
E. (2018). Pituitary Adenylate Cyclase-Activating Peptide in the Bed Nucleus of
the Stria Terminalis Mediates Stress-Induced Reinstatement of Cocaine Seeking
in Rats. Neuropsychopharmacology, 43(5), 978-986. doi:10.1038/npp.2017.135
Missig, G., Mei, L., Vizzard, M. A., Braas, K. M., Waschek, J. A., Ressler, K. J., . . .
May, V. (2017). Parabrachial Pituitary Adenylate Cyclase-Activating Polypeptide
Activation of Amygdala Endosomal Extracellular Signal-Regulated Kinase
Signaling Regulates the Emotional Component of Pain. Biol Psychiatry, 81(8),
671-682. doi:10.1016/j.biopsych.2016.08.025
Morey, R. A., Dunsmoor, J. E., Haswell, C. C., Brown, V. M., Vora, A., Weiner, J., . . .
LaBar, K. S. (2015). Fear learning circuitry is biased toward generalization of fear
associations in posttraumatic stress disorder. Transl Psychiatry, 5, e700.
doi:10.1038/tp.2015.196
Morgan, C. A., Grillon, C., Southwick, S. M., Davis, M., & Charney, D. S. J. A. J. o. P.
(1996). Exaggerated acoustic startle reflex in Gulf War veterans with
posttraumatic stress disorder. 153(1), 64-68.
Mouly, A. M., & Di Scala, G. (2006). Entorhinal cortex stimulation modulates amygdala
and piriform cortex responses to olfactory bulb inputs in the rat. Neuroscience,
137(4), 1131-1141. doi:10.1016/j.neuroscience.2005.10.024

55

Nieto-Gonzalez, J. L., & Jensen, K. (2013). BDNF Depresses Excitability of
Parvalbumin-Positive Interneurons through an M-Like Current in Rat Dentate
Gyrus. PLoS One, 8(6), e67318. doi:10.1371/journal.pone.0067318
O'Keefe, J. (1976). Place units in the hippocampus of the freely moving rat. Exp Neurol,
51(1), 78-109.
Otto, C., Kovalchuk, Y., Wolfer, D. P., Gass, P., Martin, M., Zuschratter, W., . . . Schutz,
G. (2001). Impairment of mossy fiber long-term potentiation and associative
learning in pituitary adenylate cyclase activating polypeptide type I receptordeficient mice. J Neurosci, 21(15), 5520-5527.
Otto, C., Zuschratter, W., Gass, P., & Schutz, G. (1999). Presynaptic localization of the
PACAP-typeI-receptor in hippocampal and cerebellar mossy fibres. Brain Res
Mol Brain Res, 66(1-2), 163-174.
Peng, B. W., Justice, J. A., He, X. H., & Sanchez, R. M. (2013). Decreased A-currents in
hippocampal dentate granule cells after seizure-inducing hypoxia in the immature
rat. Epilepsia, 54(7), 1223-1231. doi:10.1111/epi.12150
Pohlack, S. T., Nees, F., Ruttorf, M., Cacciaglia, R., Winkelmann, T., Schad, L. R., . . .
Flor, H. (2015). Neural Mechanism of a Sex-Specific Risk Variant for
Posttraumatic Stress Disorder in the Type I Receptor of the Pituitary Adenylate
Cyclase Activating Polypeptide. Biol Psychiatry, 78(12), 840-847.
doi:10.1016/j.biopsych.2014.12.018
Radley, J. J., & Sawchenko, P. E. (2011). A common substrate for prefrontal and
hippocampal inhibition of the neuroendocrine stress response. J Neurosci, 31(26),
9683-9695. doi:10.1523/jneurosci.6040-10.2011
Redondo, R. L., Kim, J., Arons, A. L., Ramirez, S., Liu, X., & Tonegawa, S. J. N. (2014).
Bidirectional switch of the valence associated with a hippocampal contextual
memory engram. 513(7518), 426.
Ressler, K. J., Mercer, K. B., Bradley, B., Jovanovic, T., Mahan, A., Kerley, K., . . . May,
V. (2011). Post-traumatic stress disorder is associated with PACAP and the PAC1
receptor. Nature, 470(7335), 492-497. doi:10.1038/nature09856
Roberto, M., & Brunelli, M. (2000). PACAP-38 enhances excitatory synaptic
transmission in the rat hippocampal CA1 region. Learn Mem, 7(5), 303-311.
Roberto, M., Scuri, R., & Brunelli, M. (2001). Differential effects of PACAP-38 on
synaptic responses in rat hippocampal CA1 region. Learn Mem, 8(5), 265-271.
doi:10.1101/lm.40501

56

Roediger, H. L. J. A. p. (1990). Implicit memory: Retention without remembering. 45(9),
1043.
Rogan, M. T., Staubli, U. V., & LeDoux, J. E. (1997). Fear conditioning induces
associative long-term potentiation in the amygdala. Nature, 390(6660), 604-607.
doi:10.1038/37601
Roy, D. S., Arons, A., Mitchell, T. I., Pignatelli, M., Ryan, T. J., & Tonegawa, S. J. N.
(2016). Memory retrieval by activating engram cells in mouse models of early
Alzheimer’s disease. 531(7595), 508.
Ryan, T. J., Roy, D. S., Pignatelli, M., Arons, A., & Tonegawa, S. (2015). Memory.
Engram cells retain memory under retrograde amnesia. Science, 348(6238), 10071013. doi:10.1126/science.aaa5542
Sah, P., & Faber, E. S. (2002). Channels underlying neuronal calcium-activated
potassium currents. Prog Neurobiol, 66(5), 345-353.
Sauvage, M., Brabet, P., Holsboer, F., Bockaert, J., & Steckler, T. (2000). Mild deficits in
mice lacking pituitary adenylate cyclase-activating polypeptide receptor type 1
(PAC1) performing on memory tasks. Brain Res Mol Brain Res, 84(1-2), 79-89.
Scharfman, H. E. (1995). Electrophysiological evidence that dentate hilar mossy cells are
excitatory and innervate both granule cells and interneurons. J Neurophysiol,
74(1), 179-194. doi:10.1152/jn.1995.74.1.179
Scharfman, H. E. (2011). The dentate gyrus: a comprehensive guide to structure,
function, and clinical implications (Vol. 163): Elsevier.
Scharfman, H. E. (2016). The enigmatic mossy cell of the dentate gyrus. Nat Rev
Neurosci, 17(9), 562-575. doi:10.1038/nrn.2016.87
Schmidt, S. D., Myskiw, J. C., Furini, C. R., Schmidt, B. E., Cavalcante, L. E., &
Izquierdo, I. (2015). PACAP modulates the consolidation and extinction of the
contextual fear conditioning through NMDA receptors. Neurobiol Learn Mem,
118, 120-124. doi:10.1016/j.nlm.2014.11.014
Sekiguchi, F., & Kawabata, A. (2013). T-type calcium channels: functional regulation
and implication in pain signaling. J Pharmacol Sci, 122(4), 244-250.
Semon, R. W. (1921). The mneme: G. Allen & Unwin Limited.
Shen, S., Gehlert, D. R., & Collier, D. A. (2013). PACAP and PAC1 receptor in brain
development and behavior. Neuropeptides, 47(6), 421-430.
doi:10.1016/j.npep.2013.10.005
57

Shibuya, I., Kabashima, N., Tanaka, K., Setiadji, V. S., Noguchi, J., Harayama, N., . . .
Yamashita, H. (1998). Patch-clamp analysis of the mechanism of PACAPinduced excitation in rat supraoptic neurones. J Neuroendocrinol, 10(10), 759768.
Simms, B. A., & Zamponi, G. W. (2014). Neuronal voltage-gated calcium channels:
structure, function, and dysfunction. Neuron, 82(1), 24-45.
doi:10.1016/j.neuron.2014.03.016
Smith, M. E. (2005). Bilateral hippocampal volume reduction in adults with posttraumatic stress disorder: a meta-analysis of structural MRI studies.
Hippocampus, 15(6), 798-807. doi:10.1002/hipo.20102
Smith, N. B., Doran, J. M., Sippel, L. M., & Harpaz-Rotem, I. (2017). Fear extinction and
memory reconsolidation as critical components in behavioral treatment for
posttraumatic stress disorder and potential augmentation of these processes.
Neurosci Lett, 649, 170-175. doi:10.1016/j.neulet.2017.01.006
Spengler, D., Waeber, C., Pantaloni, C., Holsboer, F., Bockaert, J., Seeburg, P. H., &
Journot, L. (1993). Differential signal transduction by five splice variants of the
PACAP receptor. Nature, 365(6442), 170-175. doi:10.1038/365170a0
Squire, L. R. (2009). The legacy of patient H.M. for neuroscience. Neuron, 61(1), 6-9.
doi:10.1016/j.neuron.2008.12.023
Stamboulian, S., Choi, J.-S., Ahn, H.-S., Chang, Y.-W., Tyrrell, L., Black, J. A., . . . DibHajj, S. D. J. J. o. N. (2010). ERK1/2 mitogen-activated protein kinase
phosphorylates sodium channel Nav1. 7 and alters its gating properties. 30(5),
1637-1647.
Ster, J., De Bock, F., Guerineau, N. C., Janossy, A., Barrere-Lemaire, S., Bos, J. L., . . .
Fagni, L. (2007). Exchange protein activated by cAMP (Epac) mediates cAMP
activation of p38 MAPK and modulation of Ca2+-dependent K+ channels in
cerebellar neurons. Proc Natl Acad Sci U S A, 104(7), 2519-2524.
doi:10.1073/pnas.0611031104
Stevens, J. S., Almli, L. M., Fani, N., Gutman, D. A., Bradley, B., Norrholm, S. D., . . .
Ressler, K. J. (2014). PACAP receptor gene polymorphism impacts fear responses
in the amygdala and hippocampus. Proc Natl Acad Sci U S A, 111(8), 3158-3163.
doi:10.1073/pnas.1318954111
Stroth, N., Kuri, B. A., Mustafa, T., Chan, S. A., Smith, C. B., & Eiden, L. E. (2013).
PACAP controls adrenomedullary catecholamine secretion and expression of
catecholamine biosynthetic enzymes at high splanchnic nerve firing rates
characteristic of stress transduction in male mice. Endocrinology, 154(1), 330339. doi:10.1210/en.2012-1829
58

Talavera, K., & Nilius, B. (2006). Biophysics and structure-function relationship of Ttype Ca2+ channels. Cell Calcium, 40(2), 97-114. doi:10.1016/j.ceca.2006.04.013
Taylor, R. D., Madsen, M. G., Krause, M., Sampedro-Castaneda, M., Stocker, M., &
Pedarzani, P. (2014). Pituitary adenylate cyclase-activating polypeptide (PACAP)
inhibits the slow afterhyperpolarizing current sIAHP in CA1 pyramidal neurons
by activating multiple signaling pathways. Hippocampus, 24(1), 32-43.
doi:10.1002/hipo.22201
Toda, A. M., & Huganir, R. L. (2015). Regulation of AMPA receptor phosphorylation by
the neuropeptide PACAP38. Proc Natl Acad Sci U S A, 112(21), 6712-6717.
doi:10.1073/pnas.1507229112
Tompkins, J. D., Clason, T. A., Hardwick, J. C., Girard, B. M., Merriam, L. A., May, V.,
& Parsons, R. L. (2016). Activation of MEK/ERK signaling contributes to the
PACAP-induced increase in guinea pig cardiac neuron excitability. Am J Physiol
Cell Physiol, 311(4), C643-c651. doi:10.1152/ajpcell.00164.2016
Tompkins, J. D., Merriam, L. A., Girard, B. M., May, V., & Parsons, R. L. (2015). Nickel
suppresses the PACAP-induced increase in guinea pig cardiac neuron excitability.
Am J Physiol Cell Physiol, 308(11), C857-866. doi:10.1152/ajpcell.00403.2014
Tulving, E. J. O. o. m. (1972). Episodic and semantic memory. 1, 381-403.
Vargha-Khadem, F., Gadian, D. G., Watkins, K. E., Connelly, A., Van Paesschen, W., &
Mishkin, M. (1997). Differential effects of early hippocampal pathology on
episodic and semantic memory. Science, 277(5324), 376-380.
Vaudry, D., Falluel-Morel, A., Bourgault, S., Basille, M., Burel, D., Wurtz, O., . . .
Vaudry, H. (2009). Pituitary adenylate cyclase-activating polypeptide and its
receptors: 20 years after the discovery. Pharmacol Rev, 61(3), 283-357.
doi:10.1124/pr.109.001370
Vertongen, P., Schiffmann, S. N., Gourlet, P., & Robberecht, P. (1997). Autoradiographic
visualization of the receptor subclasses for vasoactive intestinal polypeptide (VIP)
in rat brain. Peptides, 18(10), 1547-1554.
Vianna, D. M., Borelli, K. G., Ferreira-Netto, C., Macedo, C. E., & Brandao, M. L.
(2003). Fos-like immunoreactive neurons following electrical stimulation of the
dorsal periaqueductal gray at freezing and escape thresholds. Brain Res Bull,
62(3), 179-189.
Wahlstrom, K. L., Huff, M. L., Emmons, E. B., Freeman, J. H., Narayanan, N. S.,
McIntyre, C. K., & LaLumiere, R. T. (2018). Basolateral Amygdala Inputs to the
Medial Entorhinal Cortex Selectively Modulate the Consolidation of Spatial and
59

Contextual Learning. J Neurosci, 38(11), 2698-2712. doi:10.1523/jneurosci.284817.2018
Waschek, J. A. (2013). VIP and PACAP: neuropeptide modulators of CNS inflammation,
injury, and repair. Br J Pharmacol, 169(3), 512-523. doi:10.1111/bph.12181
Wiltgen, B. J., Zhou, M., Cai, Y., Balaji, J., Karlsson, M. G., Parivash, S. N., . . . Silva,
A. J. (2010). The hippocampus plays a selective role in the retrieval of detailed
contextual memories. Curr Biol, 20(15), 1336-1344.
doi:10.1016/j.cub.2010.06.068
Yiu, A. P., Mercaldo, V., Yan, C., Richards, B., Rashid, A. J., Hsiang, H. L., . . .
Josselyn, S. A. (2014). Neurons are recruited to a memory trace based on relative
neuronal excitability immediately before training. Neuron, 83(3), 722-735.
doi:10.1016/j.neuron.2014.07.017
Zhou, C. J., Kikuyama, S., Shibanuma, M., Hirabayashi, T., Nakajo, S., Arimura, A., &
Shioda, S. (2000). Cellular distribution of the splice variants of the receptor for
pituitary adenylate cyclase-activating polypeptide (PAC(1)-R) in the rat brain by
in situ RT-PCR. Brain Res Mol Brain Res, 75(1), 150-158.
Zhou, Y., Won, J., Karlsson, M. G., Zhou, M., Rogerson, T., Balaji, J., . . . Silva, A. J.
(2009). CREB regulates excitability and the allocation of memory to subsets of
neurons in the amygdala. Nat Neurosci, 12(11), 1438-1443. doi:10.1038/nn.2405

60

Chapter 2: PACAP/PAC1 signaling in the dentate gyrus of the hippocampus affects
contextual fear conditioning and increases granule cell excitability through an
extracellular signal regulated kinase dependent signaling cascade

Gregory C. Johnson, Mahafuza Aktar, Rodney L. Parsons, Victor May, Sayamwong E.
Hammack. Under Review

61

Abstract
Pituitary adenylate cyclase activating polypeptide (PACAP, ADCYAP1) and its
specific cognate PAC1 receptor (ADCYAP1R1) participate in stress responses and notably,
maladaptations in the PACAPergic system have been associated with several
psychopathologies related to fear and anxiety, including post-traumatic stress disorder
(PTSD). Behavioral symptoms of these pathologies are often dependent on contextual
processing. The hippocampus is critical for spatial-mapping and contextual memory, and
PAC1 receptor transcripts are highly expressed in the granule cells of the dentate gyrus
(DG).

Previous studies with PAC1 receptor knockout mice have demonstrated

impairments in contextual memory and DG long-term potentiation, similar to behavioral
consequences of DG inactivation. Here, we examined the direct roles of DG PACAP
signaling in the acquisition, expression, and extinction of contextually conditioned fear.
PACAP enhanced the expression of contextual fear at test, without affecting fear
acquisition. Moreover, PACAP significantly increased the intrinsic excitability of DG
granule cells, likely via PAC1 receptor activation. This increased excitability was likely
not mediated by adenylyl cyclase/cAMP, but instead via activation of an extracellular
signal-regulated kinase (ERK) signaling pathway initiated through PAC1 receptor
endocytosis/endosomal signaling and phospholipase C/PKC activation. These data identify
novel mechanisms by which PACAP dysfunction may alter behaviors related to disorders
that may involve hippocampal function, including PTSD.
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Introduction
The hippocampus is critical for spatial navigation and contextual memory. While
heavily studied for these roles, hippocampal function can also impact emotion and
behavioral responses to threat. Hence, hippocampal impairment can result in fear
dysregulations related to trauma- and anxiety-related psychopathologies, such as
posttraumatic stress disorder (PTSD) (Dunsmoor & Paz, 2015), and key features of PTSD
such as overgeneralization and impaired extinction are likely attributable in part to
disrupted hippocampal function (Kaczkurkin et al., 2017; Milad et al., 2009; Milad et al.,
2007). In rodents, the ability to learn contextual information associated with threatening
stimuli requires the dorsal hippocampus for appropriate behavioral responding (Bast,
Zhang, & Feldon, 2003; Maren, Aharonov, & Fanselow, 1997). While the CA1 and CA3
regions of the hippocampal formation have been extensively studied in these processes, the
dentate gyrus (DG) has been increasingly implicated. For example, the DG is necessary for
the acquisition, expression, and contextual discrimination of conditioned fear in rodents
(Bernier et al., 2017; Denny et al., 2014), and optogenetic stimulation of specific DG
granule cell ensembles is sufficient for contextual memory retrieval (Liu et al., 2012; Ryan,
Roy, Pignatelli, Arons, & Tonegawa, 2015). The DG receives excitatory inputs from the
entorhinal cortex via the perforant pathway, and then projects to CA3; the DG is thus a
principal gateway to the hippocampus and may function as a pattern separator, such that
similar inputs to the DG are dissociated into dissimilar outputs to CA3 (Rolls, 2013).
Delineating how fear and stress regulators alter DG output activity may further mechanistic
understandings of the factors that can contribute to stress-related behavior disorders.
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Pituitary adenylate cyclase activating polypeptide (PACAP, ADCYAP1) and its
specific cognate PAC1 receptor (ADCYAP1R1) participate in stress responses and
maladaptive PACAP signaling has been associated with stress-related anxiety disorders,
including PTSD (T. Jovanovic et al., 2013; Ressler et al., 2011).

PACAP is an

evolutionarily well-conserved pleiotropic neuropeptide critical to the maintenance of
functional homeostasis in a number of physiological systems. The PACAP precursor
molecule can be alternatively post-translationally processed to bioactive -amidated
PACAP27 or PACAP38 (27 or 38 amino acids, respectively), although PACAP38 appears
100-fold more abundant in most tissues. PACAP belongs to the secretin/VIP/glucagon
family of related peptides, and accordingly shares G protein-coupled receptor subtypes
with VIP. PACAP binds with high affinity and specificity to the PAC1 receptor; PACAP
and VIP demonstrate near equal high affinity binding to VPAC1 (VIPR1) and VPAC2
(VIPR2) receptors. There are multiple isoforms of the PAC1 receptor depending on the
presence or absence of Hip and/or Hop cassettes within the third cytoplasmic loop. As in
other regions of the central nervous system, the hippocampus expresses predominantly the
null and the Hop isoforms of the PAC1 receptor. Uniquely, the PAC1 receptor can engage
multiple signaling pathways and the PAC1 receptor variants may show differential potency
and efficacy in stimulating Gs/adenylyl cyclase (AC)/cAMP and Gq/phospholipase C
(PLC)/DAG/IP3 activation. Our previous studies have shown that central activation of
PACAPergic systems can produce heightened anxiety-like responses and pain
hypersensitivity (King et al., 2017; Miles et al., 2018; Missig et al., 2017), and that PACAP
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and PAC1 receptor transcript expression is sensitive to external factors such as chronic
stress (Hammack et al., 2009).
Although PACAP signaling has been implicated in hippocampal activity, the
effects of PACAP have been best studied within the context of CA1 or CA3 function. One
study has examined the effects of CA1 PACAP infusion on behavior (Schmidt et al., 2015)
and several studies have described PACAP effects on hippocampal CA1 synaptic strength
(Ciranna & Cavallaro, 2003; Kondo, Tominaga, Ichikawa, & Iijima, 1997; Roberto &
Brunelli, 2000; Roberto, Scuri, & Brunelli, 2001) GluA1 subunit synaptic localization
(Gardoni et al., 2012), modulation of AMPA and NMDA receptor-mediated
phosphorylation and currents (Costa, Santangelo, Li Volsi, & Ciranna, 2009; Macdonald
et al., 2005; Toda & Huganir, 2015; Trepanier, Jackson, & MacDonald, 2012), as well as
intrinsic currents (Taylor et al., 2014). Mice with either global or forebrain PAC1 gene
inactivation exhibited deficits in long term potentiation (LTP) at the hippocampal CA3
mossy fiber synapse, and in contextual fear memory (Otto et al., 2001) and novel object
recognition (Takuma et al., 2014). However, in aggregate with previous PACAP/PAC1
receptor distribution studies, recent work has suggested that PACAP/PAC1 receptor
expression is relatively sparse at the CA1 and CA3 regions, and that PACAP signaling is
predominantly at the inner molecular layer (IML) of DG granule cells. PACAP/PAC1
receptor in situ hybridization studies and data from PACAP-EGFP transgenic mice have
shown that PACAP and PAC1 receptor expressing neurons are in low abundance in CA1
and CA3 (Condro et al., 2016). By contrast, as PAC1 receptor mRNA expression appears
exclusive to DG granule cells to mirror the dense PACAP fiber projections that completely
65

outline the IML (Condro et al., 2016), a primary role of hippocampal PACAP signaling
appears to be the modulation of DG function. And, given the associations of PACAP
function with PTSD, DG PACAP activation may be related to the hippocampal-dependent
behavioral changes associated with PTSD. Here, we have examined the roles of dentate
granule cell PACAP/PAC1 receptor signaling on contextual fear conditioning. As recent
studies have also shown that PACAP/PAC1 receptors can increase neuronal excitability
through the modulation of a variety of intrinsic ionic currents, we have also examined the
ionic conductances and the underlying PACAP/PAC1 receptor signaling mechanisms
regulating their function in granule cells.
Methods
Animals
All rats were obtained from Charles River Canada. Breeding pairs of PACAPEGFP mice were from James Waschek (UCLA); PACAP-Ires-Cre mice were from
Michael Krashes and Bradford Lowell (Beth Israel Deaconess Hospital, Harvard Medical
School). All animal procedures were approved by the University of Vermont Institutional
Animal Care and Use Committee (IACUC). Animals were group-housed at the animal care
facilities and kept on a 12/12 light dark cycle; chow and water were available ad libitum.
Surgical procedures
Rats were anesthetized with 1.5-3% isoflurane and placed in a stereotaxic apparatus
(Kopf Instruments) for bilateral cannulae placements into the dentate gyrus at a 10-degree
angle using coordinates relative to bregma in mm, AP=-3.5; ML ±1.9; and DV=-3.5 to the
dural surface. The cannulae were fixed in a skullcap using dental cement and kept patent
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with wire stylets. Rats were administered carprofen (5 mg/kg) immediately and 24 h postsurgery. The PACAP-Ires-Cre mice were prepared similarly; AAV2-EF1-DIO-mCherry
vector (UNC Vector Core) injections into dentate gyrus used coordinates from Bregma in
mm: AP = -2.0; ML = ± 1.5; DV = -2.0.
Behavioral Testing
Rats were handled and weighed daily during post-surgical recovery (1 week). For
contextual fear conditioning and extinction studies, the rats were allowed to explore the
conditioning chamber (Med Associates Georgia, VT) for 2 - 6 min before footshocks (4
cycles; 1 mA of 2 sec duration with 1 min inter-shock intervals). In extinction testing, the
rats were returned to the conditioning chambers for 15 min (no shocks). For peptide
injections the rats were gently restrained in a cloth towel and PACAP38 (Bachem; 1 µg/1
µl in 0.01% bovine serum albumin (BSA)) was slowly infused into the dentate gyrus over
a 1 min period. Control mice received 0.01% BSA vehicle alone. All behaviors were
recorded using a Logitech webcam for post-hoc freezing analyses. Freezing duration,
defined as absence of all movement excluding respiration, was determined over the test
period and expressed as percent freezing. PACAP infusions prior to initial conditioning
were performed for peptide effects on acquisition or prior to extinction for peptide roles in
extinction/retrieval. Cryosections of 4% paraformaldehyde perfusion fixed brains from the
study animals were inspected to verify correct cannulae placements. Animals were
removed from analysis if cannula tract did not reach molecular layer of DG, or if animals
did not condition above a 40% freezing threshold in conditioning session.
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Drugs
PACAP38 and vasoactive intestinal peptide (VIP) were from Bachem. Pitstop2,
PD98059, SQ22536, U73122, CNQX, AP5, picrotoxin, CGP 52432, apamin, riluzole and
phrixotoxin-1 were all purchased from Abcam. Nickel chloride, and forskolin were from
Sigma Aldrich, and dendrotoxin was from Alomone Labs. Stock peptides solutions were
prepared in 0.01% BSA. All drugs were prepared in DMSO as 100- or 1000-fold stock
solutions.
Electrophysiology
Brains from anesthetized and decapitated rats (22 – 36 days old) were recovered in
a slurry of sucrose-replaced artificial cerebrospinal fluid for sectioning in the coronal plane
on a Leica VT1000 vibratome. The vibratome sections were placed in warmed (32 - 34°
C) sucrose-replaced artificial cerebrospinal fluid for 30 min and then equilibrated in
artificial cerebrospinal fluid (ACSF). The sections were then transferred to the recording
chamber (Warner Instruments) and perfused continuously with warmed oxygenated ACSF
(32° C) at a rate of 3 - 4 ml per min. The composition of ACSF was (in mM): NaCl (124),
KCl (2.8), CaCl (2), NaH2PO4 (1.25), glucose (10), sodium ascorbate (0.4), sodium
pyruvate (2), MgSO4 (2), and NaHCO3 (26). Sucrose-replaced ACSF was similar to
recording-ACSF with the following exceptions (in mM): NaCl was omitted, Sucrose (206),
CaCl (1), MgCl (1). ACSF was adjusted to pH 7.3 - 7.4 with HCl; osmolarity was 310 ±
5 mOsM.
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Recording Procedures
Electrodes were prepared from thin walled borosilicate pipettes (World Precision
Instruments) on a Sutter P-97 micropipette puller to resistances of 5 - 8 MΩ. The electrodes
were back-filled with artificial intracellular solution containing in mM: potassium
gluconate (140), KCl (2), MgCl (3), HEPES (10), phosphocreatine (5), K-ATP (2), NaGTP (0.2); the pH was adjusted to 7.3 – 7.4 with KOH. DG granule cells were patched
under visual control on a Leica DM-LFSA microscope and Rolera Bolt 3000 camera.
Recordings were made in current clamp mode with a Multiclamp 700B controller and
Multiclamp software (Molecular Devices). Data from patched cells was acquired using a
Digidata 1440A interface (Molecular Devices) and pClamp software (Molecular Devices).
Drugs were bath-applied through a gravity perfusion system. Cells were accepted if resting
membrane potential were < -55 mV and action potential overshoot >5 mV. Access
resistance was monitored throughout and recordings discarded if changes reached >20%
or above 35 MΩ. Once the whole cell configuration was established, cells were allowed
to equilibrate; all recordings were made from a baseline voltage of -65 mV by injecting a
steady holding current. Single spike measures were obtained by injecting progressively
larger 10 ms current steps until AP was induced. Threshold was defined as the point at
which the slope of the voltage trace reached 30 mV/ms. Input resistance was estimated
from 500 ms hyperpolarizing current injections of increasing intensity until reaching
approximately -95 mV and was calculated from the slope of the best-fit line of current
intensity injected by change in membrane potential. Spike frequency to depolarizing
current relationships were obtained from the number of spikes generated by progressively
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larger positive 1 sec current steps. Rheobase was determined with a 400 pA (2 pA/ms)
ramped current injection and the amount of current injected to elicit the first spike was
determined to be the rheobase.
Statistics
All statistics were done with GraphPad Prism 7 software. Rat freezing was analyzed
by 2-way minute by condition analysis of variance (ANOVA) with infusion condition as
independent factors, and time as a repeated measure. Current injection spike curve
measures were analyzed by 2-way ANOVA with current injection and drug condition both
as repeated measures. Other neuronal characteristics were analyzed by paired T-tests or
repeated measures one-way ANOVA.
Results
Hilar PACAPergic neurons project to the inner molecular layer of the dentate gyrus.
Although previous PACAP immunocytochemical studies demonstrated modest and
indistinct staining in the hippocampus, the ISH studies were unequivocal in demonstrating
PACAP transcripts largely in DG hilar cells; the PACAP expressing neurons in CA1 and
CA3 appeared scattered (Hannibal, 2002; Hashimoto, Ishihara, Shigemoto, Mori, &
Nagata, 1993; Jaworski & Proctor, 2000). Correspondingly, ISH for PAC1 receptor mRNA
demonstrated dense expression uniquely in the granule cell layer of the DG with lower
apparent expression levels in other regions of the hippocampus (Hashimoto et al., 1993;
Jaworski & Proctor, 2000). While ISH studies do not delineate fiber projections, more
recent studies using the PACAP-EGFP mice suggested that the PACAP-expressing hilar
cells projected to DG granule cell dendrites of the IML (Condro et al., 2016). In
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substantiation, AAV2-EF1-DIO-mCherry reporter vector infusion into the dorsal DG of
PACAP-Ires-Cre mice revealed hilar PACAP expressing neurons with fibers traversing the
granule cell layer to terminate in the IML (Figure 2.1). As perforant path fibers terminate
in the middle and outer molecular layers of the DG, and among hilar neurons, the mossy
cells project to the IML, the PACAP expressing neurons likely represented a subpopulation
of mossy cells, consistent with previous interpretations. The PACAP fibers appeared dense
and traveled long distances in the DG, even where the hilar mossy cells were unlabeled.
Dentate gyrus PACAP signaling enhances expression of conditioned fear
The DG participates in the acquisition and extinction of contextually conditioned
fear (Bernier et al., 2017), and maladaptations to these processes may underlie stressrelated disorders including PTSD. Given the high levels of PAC1 transcripts and
PACAPergic fibers in DG granule cell soma and dendrites at the IML, respectively, we
reasoned that behaviors regulated in part by DG function may be sensitive to PACAP
signaling. To evaluate whether DG PACAP signaling regulates acquisition of contextual
conditioning, rats were infused bilaterally with peptide (1 µg PACAP per side) or vehicle
and placed in the conditioning chamber for 6 minutes before footshocks, as described in
Methods. No apparent differences in freezing behaviors were observed between the
PACAP- and vehicle-infused groups during the acquisition period of contextual fear
conditioning, either before or after shocks (Figure 2.2A, left panel). Moreover, there were
no apparent differences in freezing behavior the next day when the rats were returned the
following day for retrieval/extinction tests (Figure 2.2A, right panel). Hence, these results
suggested that PACAP infusion did not impact the encoding of contextual fear.
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To assess whether DG PACAP signaling modulates retrieval and extinction rats
were exposed to the same paradigm as above, but the PACAP (1 µg PACAP per side) or
BSA vehicle infusions into DG were performed the following day, just prior to
extinction/retrieval testing (15 min). Unlike the lack of PACAP effects on encoding, the
DG PACAP-infused rats displayed increased freezing to context across multiple timepoints, especially in the first 3 minutes of test (Figure 2.2B, middle panel). Although the
rates of extinction appeared comparable between groups, the PACAP-mediated freezing
responses remained heightened compared to vehicle control animals for the duration of the
session. Hence, PACAP infusion appeared to enhance the retrieval of conditioned fear to
the context. While the stress-related effects of one-time PACAP infusions into the bed
nucleus of the stria terminalis (BNST) can persist for several days (Hammack et al., 2009),
the PACAP effects in other regions, such as the central nucleus of the amygdala (CeA),
attenuated over a day (Missig et al., 2017). As in the CeA, the effects of PACAP signaling
in the DG were not sustained upon repeat extinction testing on subsequent days (Figure
2.2B, right panel).
PACAP/PAC1R signaling increases dentate gyrus granule cell excitability.
From the behavioral effects of DG PACAP infusion, and the observed projections
of PACAP terminals to the DG inner molecular layer, we tested whether the responses
reflected PACAP-mediated changes in the electrophysiological properties of DG granule
cells. Under control current clamp conditions, the injection of incrementally larger
depolarizing currents progressively increased action potential frequency (Figure 2.3A).
Under the same recording protocol, granule cell PACAP (200 nM) exposure significantly
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increased neuronal excitability in at least 95% of neurons sampled in tissues from both
males and females. PACAP also lowered the current intensity to rheobase and shifted the
AP threshold to more negative voltages (Figures 2.3B and 2.3C), and increased granule
cells input resistance, though the correlation between increased resistance and increased
spike frequency was very low, suggesting resistance change had little effect on spiking.
To ensure that the PACAP-induced increase in granule cell excitability was not
mediated by presynaptic effects on glutamate and GABAergic afferents, parallel
experiments were performed in the presence of glutamate and GABA receptor antagonists,
which had no apparent effects on the PACAP-induced increase in excitability (Figure
2.3D), suggesting direct PACAP postsynaptic actions on DG granule cells.
Although PACAP is 100- to 1000-fold more potent than VIP in binding and
activating the PAC1 receptor, PACAP and VIP bind with similar high affinity at VPAC1
and VPAC2 receptors (Harmar et al., 2012). In addition to PAC1 receptor transcript
expression, DG granule cells also express VPAC1 transcript; VPAC2 transcript appeared
minimal (Lein et al., 2007). Accordingly, granule cells were treated with VIP (200 nM) to
assess whether the PACAP effects were mediated by VPAC receptor signaling. VIP did
not recapitulate the effects of PACAP on granule cell excitability (Figure 2.3E); hence the
PACAP-mediated responses were attributed to PAC1 receptor activation.
PACAP-mediated increase in granule cell excitability is dependent on MEK/ERK
mechanisms.
The PAC1 receptor is unique in its abilities to dually engage Gαs/AC/cAMP and
Gαq/PLC/IP3/DAG signaling pathways (Spengler et al., 1993). In addition, PAC1 receptor
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internalization/endosomal signaling can activate and sustain long term activation of
MEK/ERK, which can also modulate neuronal excitability (May & Parsons, 2017). To
determine the signaling pathways facilitating the PACAP-induced increase in DG granule
cell excitability, we examined whether pretreatment of the preparations with selective
signaling pathway inhibitors could delineate the mechanisms underlying the PACAPmediated responses. For these experiments, granule cells were recorded for baseline
activity measurements; one of the signaling inhibitors was then bath-applied to assess
potential cell response changes to the inhibitors alone before subsequent application of
inhibitor with PACAP. Pretreatments with the AC-inhibitor SQ22536 (20 µM) (Braas &
May, 1999)alone had no effects on granule cell excitability; further, SQ22536 did not block
the PACAP-induced increase in granule cell excitability (Figure 2.4A). Similarly,
pretreatments with the PLC-inhibitor U73122 (20 µM) (Braas & May, 1999) did not affect
granule cell excitability alone, and subsequent PACAP treatment still stimulated a
significant increase in excitability (Figure 2.4B).
The inability of the AC inhibitor to block the PACAP-mediated increase in
neuronal excitability was unanticipated as PACAP can potently increase cAMP production
10- to 20-fold (May, Buttolph, Girard, Clason, & Parsons, 2014) to impact neuronal
excitability in other neuronal populations (Merriam et al., 2013; Tompkins, Merriam,
Girard, May, & Parsons, 2015). To corroborate that AC/cAMP signaling does not
participate in PACAP-enhanced granule cell excitability, the cells were treated with the
diterpene forskolin (5 µM) to directly activate AC. As shown, forskolin did not mimic the
effects of PACAP on excitability (Figure 2.4C). In aggregate with the SQ22536 inhibitor
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data, these results suggested that AC signaling mechanisms are not principal mechanisms
regulating DG granule cell AP frequency. As VPAC receptors are coupled predominantly
to Gs, these observations are also consistent with PACAP activation of PAC1 rather than
VPAC receptors.
In addition to plasma membrane delimited AC/cAMP or PLC/DAG/IP 3
mechanisms, MEK/ERK signaling can be initiated through cytosolic endosomal signaling
following PAC1 receptor internalization (May et al., 2014). Unlike previous inhibitor
treatments, the MEK inhibitor PD98059 (20 µM) significantly attenuated the PACAPinduced excitability (Figure 2.4D); PD98059 alone had no apparent effects. To test whether
PAC1 receptor internalization is a key step in MEK/ERK activation, subsequent
experiments tested whether Pitstop2 treatments, to block clathrin-mediated endocytosis
(Dutta, Williamson, Cole, & Donaldson, 2012; von Kleist et al., 2011) affected the
PACAP-induced increase in granule cell excitability. PACAP modulation of excitability
was significantly blunted by Pitstop2 pretreatment (Figure 2.4E).
Following Pitstop2 treatment, a small increase in PACAP-induced excitability
appeared to remain. Although not statistically significant, the small increase in spike
frequency existed across the higher levels of stimulus currents. Given that activation of
PLC/DAG/IP3/PKC mechanisms can activate MEK/ERK signaling, we tested concurrent
inhibition of endocytosis and PLC with a combined treatment of Pitstop2 and U73122, on
the PACAP response. We found that the combined inhibition of endocytosis and PLC
produced a blockade of PACAP-induced excitability virtually identical to that of PD98059
treatment (Figure 2.4D, F). These data suggest that the effects of PACAP on DG
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excitability are mediated by MEK/ERK signaling initiated primarily by PAC1
internalization/endosomal signaling and to a lesser extent through a parallel PLC/DAG/IP 3
signaling mechanism.
PACAP-mediated increase in DG neuron excitability may reflect modulation of a
persistent sodium current
From these results, we next sought to determine the ionic currents modulated by PACAPmediated MEK/ERK signaling to increase granule cell excitability.

PACAP/PAC1

receptor signaling has been shown to modulate several ionic currents, flowing through
sodium, potassium, and calcium channels (May & Parsons, 2017). Hence a number of
channel inhibitors were evaluated to identify the potential mechanisms. As PACAP activity
in mixed hippocampal neuronal cultures has been shown to diminish voltage-gated Kv4.2
channel surface expression (Gupte et al., 2016) and resultant A-type current to facilitate
excitability (Hille, 2001), we initially tested whether PACAP-mediated downregulation of
Kv4.2 channels may contribute to DG granule cell excitability. Contrary to previous data,
pretreatment of the granule cells with the Kv4.2/4.3 inhibitor phrixotoxin-1 (50 nM) alone
had no effects on granule cell excitability, and phrixotoxin-1 had no apparent effects on
PACAP-induced increase in excitability (Figure 2.5A), suggesting Kv4.2/4.3 does not
contribute to the PACAP/PAC1-mediated response. Other voltage-gated potassium
channels containing α-subunits Kv1.1, Kv1.2, and Kv1.6, contribute to outwardly
rectifying currents and can be blocked by dendrotoxin. Unlike phrixotoxin-1, dendrotoxin
alone significantly increased granule cell excitability, suggesting that the Kv1 channel
family regulates DG granule cell action potential generation. In the presence of
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dendrotoxin, the addition of PACAP augmented granule cell excitability beyond levels
observed with the inhibitor alone (Figure 2.5B). As dendrotoxin did not occlude the effects
of PACAP, the granule cell PACAP effects appeared to be modulated by other
conductance(s).
Additional experiments tested whether pretreatment with apamin (200 nM), to
block small conductance potassium channels (Hille, 2001), or nickel (500 µM) to block
low voltage activated calcium channels (Iftinca & Zamponi, 2009), impacted the
excitability caused by PACAP. Neither apamin nor nickel appeared to have any effect on
their own and did not prevent the effects of PACAP on neuronal excitability (Figure 2.5C,
D).
Persistent sodium currents can regulate neuronal excitability through their ability
to not inactivate over prolonged depolarizations (Urbani & Belluzzi, 2000) and the
responses can be modulated by channel phosphorylation (Scheuer, 2011). Accordingly,
the effects of blocking persistent sodium currents with riluzole (10 µM) on the firing
properties of DG granule cells were examined. Under control conditions, the granule cells
demonstrated a regular repetitive firing pattern, which was greatly attenuated following
riluzole treatment, and some neurons changed fully to an accommodating state (Figure
2.5E), indicating persistent sodium currents regulate granule cell excitability. Subsequent
to the riluzole pretreatment, PACAP did not restore or increase the regular firing pattern
induced by positive current, suggesting that enhancement of the persistent sodium current
by PACAP might contribute to the enhanced excitability in dentate granule cells.
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Discussion
In the current studies, PACAP fibers appeared to terminate in the IML of DG
granule cells, PACAP infusions into the DG increased fear expression, and PACAP
increased granule cell excitability through activation of MEK/ERK primarily by
endosomal dependent signaling. These results implicate PACAP/PAC1 receptor activation
in the regulation of hippocampal activity and contextual fear and support previous data
implicating PACAP signaling in stress-related disorders in which contextual fear processes
may be altered, such as PTSD (T. Jovanovic et al., 2013; Ressler et al., 2011). Indeed, the
hyper-responsivity to threat, a feature of many stress/trauma-related disorders, may be in
part modulated by the DG of the hippocampus (Bernier et al., 2017; Butler et al., 1990; T
Jovanovic et al., 2010; Liu et al., 2012; Morgan, Grillon, Southwick, Davis, & Charney,
1996; Zhang et al., 2016), and we show here that the activity of hippocampal DG neurons
can be controlled, in part, by PACAP.
Unlike immunocytochemical data, in situ hybridization studies have been
unequivocal in demonstration of PACAP and PAC1 receptor expression in DG hilar and
granule cells, respectively.

The PACAPergic synapses were not identified in these

approaches but suggested to be at the mossy fiber – CA3 synapse (Otto, Zuschratter, Gass,
& Schutz, 1999). By contrast, recent studies using the PACAP-EGFP mice have suggested
that PACAP terminals were preferentially restricted to the IML (Condro et al., 2016). Our
data with the PACAP-Ires-Cre mice were consistent with these observations. Though our
behavioral and physiological data were demonstrated using rats, and the fiber data available
here and elsewhere was demonstrated in mice, the ISH studies between species are
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strikingly consistent with respect to PAC1 transcript localization (Hashimoto et al., 1993;
Zhou et al., 2000).
Although maladaptive PACAP signaling likely contributes to several psychiatric
conditions, the PACAP neural circuitry mediating relevant behaviors, especially in
humans, has yet to be fully established. A polymorphism in the PAC1 receptor (SNP
rs2267735) has been associated with PTSD symptoms (Ressler et al., 2011) and carriers of
the variant have been shown to exhibit impaired hippocampal functions in a contextual
conditioning task compared to normal allele subjects (Pohlack et al., 2015). Often,
hippocampal dysfunction is associated with fear generalization, a feature of PTSD, where
fear responses are expressed in situations or environments unrelated to the acquired context
(Dunsmoor & Paz, 2015). Perturbations of the hippocampus and DG in mice can induce
fear generalization (Bernier et al., 2017). Further, the reactivation of DG cell assemblies
specific to a contextual fear memory can instigate behaviors that suggest a return to that
context (Liu et al., 2012). In aggregate, these results implicate DG function in contextual
discrimination in behavioral responses. Hence, altered PACAP signaling and the resultant
maladaptations in DG function may impair contextual discrimination, contributing to the
fear generalization observed in PTSD.
DG PACAP infusions increased conditioned contextual freezing when infused at
test; infusions before conditioning, however, did not appear to affect acquisition of
conditioned freezing or subsequent retrieval (Figure 2.2). The functional mechanisms
underlying these responses remain to be elucidated, though a ceiling effect may explain
our results. PACAP infusions likely increased DG excitability globally during encoding
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and fear expression, as >95% of neurons in our physiology experiments responded to
PACAP with increased spiking to current injection, but with no consistent change in resting
membrane potential. Thus, the effects of PACAP on excitability in vivo would still be
reliant on other synaptic inputs to reach spike threshold. The input during conditioning may
have reached a critical value in terms of number and strength of cells recruited, thus
PACAP infusion had no measurable effect. However, at retrieval test, infusion of PACAP
may have facilitated stronger reactivation of DG cell ensembles that formed the original
memory trace during contextual conditioning. With stronger neuronal recruitment
associated with the original trace, contextual fear-related behaviors may surface under
conditions that otherwise might not be expressed. These mechanisms may be consistent
with our observations that PACAP alone did not appear to directly depolarize neurons, but
instead increased spiking frequency upon neuronal depolarization.
One feature of the PTSD-PACAP associations seen in humans is a disproportionate
association in females compared to males (Ressler et al., 2011), which may be due to
polymorphism rs2267735being located within an estrogen response element (ERE) in the
PAC1 gene. Rs2267735 confers lower estrogen affinity for the ERE (Mercer et al., 2016)
suggesting diminished estrogenic control of PAC1 expression. If DG PAC1 is subject to
the same control, given PAC1 transcript density, rs2267735 may have profound
consequences for DG activity and resultant behavior. Our results demonstrate that PACAP
increases the excitability of DG granule cells in brain slices from both females and males
(Figure 2.3A). We have not yet tested whether the behavioral effects of DG PACAP are
similar in females or if they vary across the estrous cycle. While we have previously
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observed that many of the behavioral consequences of BNST-infused PACAP are present
in both males and females, and that some of these may interact with estrogens, it is notable
for the present studies that freezing behavior may not have the same validity in female
animals (Gruene, Flick, Stefano, Shea, & Shansky, 2015).
In engaging multiple signaling cascades, PACAP/PAC1 receptor activation can
coordinate the regulation of several ionic currents to increase neuronal excitability, such as
Gαs/AC/cAMP and MEK/ERK in cardiac ganglion neurons (May & Parsons, 2017). To
examine the cellular mechanisms regulating DG granule cell excitability, we
systematically blocked three of the PAC1 receptor-activated signaling pathways in brain
slice preparations prior to PACAP exposure. DG granule cell excitability did not appear to
be gated by plasma membrane delimited AC/cAMP signaling but was efficaciously blunted
upon inhibition of MEK/ERK activation. MEK/ERK may be activated by PLC/DAG/IP 3
signaling, and in addition, GPCRs, including PAC1 receptors, can also undergo -arrestinmediated internalization for long term MEK/ERK signaling from endosomal scaffolds.
Inhibition of receptor endocytosis alone greatly attenuated, but may not have completely
abolished, the PACAP enhancement of granule cell excitability. However, concurrent
treatment with inhibitors of both receptor endocytosis and PLC essentially eliminated the
PACAP-mediated effects on granule cell excitability. Taken in aggregate, our results
suggest recruitment of MEK/ERK through -arrestin-mediated internalization and
endosomal signaling is the predominant mechanism initiating MEK/ERK activation, in
accord with previous studies (Merriam et al., 2013; Missig et al., 2017). However, a parallel
membrane-delimited PLC/DAG/IP3/PKC activation of MEK/ERK signaling may also
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contribute to a much lesser extent to the PACAP enhancement of neuronal excitability.
Although the effects of Pitstop2 might not be attributed solely to the blockade of PAC1
receptor internalization and endosomal signaling in the current preparation, Pitstop2 was
able to block concomitantly PAC1-EGFP receptor internalization and ERK activation in a
stable HEK cell line (May et al., 2014; Merriam et al., 2013). Accordingly, similar
processes may underlie mechanisms in the ex vivo and in vivo studies (Merriam et al.,
2013; Missig et al., 2017). Increasingly, the roles of endosomal activities to sustain
signaling at targeted intracellular sites have been appreciated in various neural systems
(reviewed in Peterson and Luttrell (2017)).
The PACAP/PAC1 receptor-induced ERK activation can modulate the properties
of multiple ion channels, such as changes in the voltage dependence of
activation/inactivation or current density. In using established inhibitors to systematically
isolate the specific channels mediating the PACAP-induced excitability, our results
suggested that the PACAP effects on DG granule cells were unlikely due to modulation of
apamin-, dendrotoxin-, nickel-, or phrixotoxin-sensitive ionic currents. These observations
indicated that the slow AHP, A-current, or T-type calcium currents did not contribute
significantly to the PACAP-mediated responses. Previously, Taylor et al. (Taylor et al.,
2014) demonstrated that inhibition of the late slow component of the AHP increased
excitability of CA1 pyramidal cells, an effected mediated by PKA and p38 MAPK
signaling. As there was no consistent evidence in our recordings of a late frequency
adaptation during repetitive spiking elicited by the 1 second depolarizing current injections
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and AC/cAMP/PKA manipulation failed to modulate excitability, this current was likely
not significantly expressed in the granule cells, although direct evidence is still needed.
PACAP failed to increase excitability in DG granule cells pretreated with the
persistent sodium current blocker riluzole (Figure 2.5E), suggesting that the observed
PACAP effects required this component of the inward sodium current. Riluzole effectively
reduced the spiking of DG granule cells and changed the spike firing patterns from
repetitive to rapidly accommodating, strongly suggesting that the persistent sodium current
was responsible for repetitive firing induced by depolarizing steps in these cells. However,
in the presence of riluzole, an action potential was still generated at the beginning of a
suprathreshold depolarization and its properties were similar to that produced in untreated
controls, indicating that the fast inactivating inward sodium current was not significantly
affected by the drug treatment.

From these observations, PACAP-mediated ERK

activation and enhancement of the persistent component of the voltage-dependent sodium
current appeared to underlie the PACAP-enhanced DG granule cells excitability, although
further studies will be needed.
The functional roles of DG ERK activation have not been fully elucidated but our
results, in aggregate, suggested that PACAP-mediated ERK activation and regulation of
ionic currents to enhance DG granule cell excitability participated in memory expression.
Previous studies have shown that ERK phosphorylation is upregulated in the DG following
acquisition and expression of contextual fear (Besnard, Laroche, & Caboche, 2014), and
that ERK activation is required for memory reconsolidation and memory stabilization in
the amygdala (Duvarci, Nader, & LeDoux, 2005). Interestingly, ERK has been implicated
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in memory persistence (Medina & Viola, 2018). The roles of the DG in supporting memory
degrade over time (Wiltgen et al., 2010), and DG cell assemblies lose their specificity to a
context with time (Yokoyama & Matsuo, 2016). Among regulators, our current studies
suggest that intrinsic DG PACAP/PAC1 receptor neurocircuit signaling have roles in
modulating granule cell excitability in contextual memory retrieval. As in other limbic
structures, dysregulated PACAP signaling in the DG may be maladaptive leading to
enhanced fear to context or impair contextual discrimination. Hence coordination with
stress-related PACAPergic dysregulation in other limbic regions, maladaptations to the
PACAP/PAC1 receptor system in the DG may be contributory to fear or anxiety-related
behavioral disorders.

84

Figures

Figure 2.1: PACAPergic fibers innervate inner molecular layer of dentate gyrus.
The DG of PACAP-Ires-Cre mice was infused with AAV2-EF1-DIO-mCherry vector
as described in Methods. (A) The mCherry reporter is expressed in presumptive mossy
cells in the hilus (Hi) of the DG and inner molecular layer (IML) of granule cell (GCL)
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dendritic arbors. (B) At higher magnification, PACAP fibers (arrows) from hilar neurons
are seen to traverse the GCL and project to the IML. These patterns complement those
from PACAP-EGFP data (Condro et al., 2016).
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Figure 2.2: PACAP increases expression of contextually conditioned fear when
infused at test, but not at conditioning.
(A) Schematic of protocol with DG PACAP infusions before contextual fear
conditioning. PACAP infusion has no effect on acquisition of contextual freezing
compared to vehicle control. Left graph, effect of infusion: F (1, 12) = 0.009, P = 0.926),
effect of minute: (F (8, 96) = 54.8, P < 0.0001, no infusion x minute interaction: F (8, 96)
= 0.232, P = 0.984. Right graph, PACAP infusions prior to conditioning had no effect on
next day retrieval/extinction. Effects of infusion: F (1, 12) = 0.8527, P= 0.3740, effect of
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minute: F (14, 168) = 2.289, P= 0.0068, no minute x infusion interaction: F (14, 168) =
0.8698, P= 0.5926. n=6-8 animals per group.
(B) Schematic of protocol with DG PACAP infusions prior to test. PACAP infusions
(red) before test increased freezing responses compared to vehicle control (black). Left
panel, groups were assigned after conditioning to ensure equivalent levels of
conditioning, effect of group assignment: F (1, 25) = 0.271, P=0.6073, effect of minute: F
(5, 125) = 288.3, P<0.0001, and no group x minute interaction: F (5, 125) = 0.3276,
P=0.8955. Middle panel, DG PACAP infusions prior to test increased expression of
contextually conditioned fear. Effect of infusion: F (1, 25) = 4.423, P=0.0457, effect of
minute: F (14, 350) = 29.93, P<0.0001, and no minute x infusion interaction: F (14, 350)
= 0.6932, P=0.7812. Right panel, the effects of single PACAP infusion dissipated when
animals were re-exposed to context 2 days after extinction. Effect of previous PACAP
infusion: F (1, 23) = 0.4742, P=0.4980, effect of minute: F (14, 322) = 16.19, P<0.0001,
and no infusion x minute interaction: F (14, 322) = 0.4805, P=0.9428. N=12-15 animals
per group.
Data analyzed with 2-way ANOVA with minute as a repeated measure and infusion as an
independent measure. *P<0.05, error bar: SEM
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Figure 2.3: Bath application of PACAP to acute brain slices induces increased
excitability in DG granule cells through a post-synaptic, PAC1 dependent
mechanism.
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(A) DG granule cell electrophysiology patch recordings were performed as described in
Methods. Left, representative trace demonstrating PACAP effects on spike generation to
depolarizing current. Right, top panel; from male rats, 1 sec current pulses of increasing
intensity were injected into patched neurons for action potential assessments before and
after PACAP (200 nM) application. Effect of PACAP: F (1, 9) = 34.9, P=0.0002, effect
of current: F (9, 81) = 30.25, P<0.0001, and PACAP x current interaction: F (9, 81) =
13.34, P<0.0001. n = 10 cells. Right, bottom panel; From same protocol in female rat
preparations, effect of PACAP: F (1,5) = 7.882, P=0.0377, effect of current: F (9,45) =
33.15, P<0.0001 and a significant PACAP x current interaction: F (9, 45) = 6.715,
P<0.0001.
(B) In PACAP, DG granule cells required less injected current to initiate an action
potential. Two-tailed paired t-test showed smaller rheobase (t=6.058, df=16, **** P<
0.0001).
(C) In PACAP, action potential threshold was shifted to more negative voltages (Twotailed paired t-test, t=3.219, df=11, ** P= 0.0082).
(D) PACAP-induced granule cell excitability was not reliant on glutamatergic or
GABAergic synaptic mechanisms. Treatment of granule cells with an inhibitor cocktail
(purple trace) to block AMPA receptors, CNQX (10 µM); NMDA receptors, AP5 (50
µM); GABA-A receptors, picrotoxin (10 µM); and GABA-B receptors, CGP52432 (1
µM), did not abrogate PACAP-induced increase in excitability (red trace). Effect of
drug: F (2, 14) = 64.61, P<0.0001, effect of current: F (9, 63) = 23.23, P<0.0001, and a
significant drug x current interaction: (F (18, 126) = 16.53, P<0.0001). Tukey’s post hoc
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test revealed significant column differences among groups - ACSF vs antagonists
(P=0.0162), vehicle control vs antagonists + PACAP (P<0.0001), and antagonists vs
antagonists + PACAP (P<0.0001).
(E) PACAP-induced granule cell excitability was not mediated by VPAC receptors.
Exposing DG granule cells to VIP (200 nM, green trace) did not increase excitability.
Effect of VIP: F (1, 7) = 4.443, P=0.0730, effect of current: F (9, 63) = 28.87, P<0.0001,
and VIP x current interaction: F (9, 63) = 4.073, P=0.0004.
Data analyzed with 2-way ANOVA with both current and drug effects as repeated
measures. ns, not significantly different, * P<0.05, **P<0.01, ***P<0.001,
****P<0.0001, n = 7 - 17 cells per group; error bars, SEM
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Figure 2.4: PACAP induced excitability is activated through MEK/ERK dependent
signaling activated by parallel signaling pathways dependent on receptor
endocytosis and PLC.
(A) PACAP-induced excitability was not inhibited by adenylyl cyclase inhibition with
SQ22536 (20 µM). Effect of drug: F (2, 12) = 13.85, P=0.0009, current: F (9, 54) =
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50.25, P<0.0001, and drug x current interaction F (18, 108) = 13.63, P<0.0001. Tukey’s
post hoc test exhibited column differences between ACSF condition vs SQ22536 +
PACAP (P=0.0010), and between SQ22536 vs SQ22536 + PACAP condition
(P=0.0040).
(B) PACAP-enhanced excitability was evident, but slightly attenuated upon inhibition of
PLC signaling by U73122 (20 µM) exposure. Effect of drug: F (9, 81) = 23.67,
P=0.0101, current: F (9, 81) = 23.67, P=<0.0001 and drug x current interaction: F (18,
162) = 10.07, P=0.0001. Tukey’s post hoc multiple comparisons test exhibited column
differences between ACSF and U73122 + PACAP (P=0.0010), and between U73122 and
U73122 + PACAP (P=0.0133).
(C) Direct adenylyl cyclase activation with forskolin (5 µM) did not mimic the increase
in DG granule cell excitability to levels observed for PACAP. Effect of forskolin (F (1,
8) = 3.145, P=0.1141), current (F (9, 72) = 28.83, P<0.0001), and forskolin x current
interaction (F (1, 8) = 3.145, P=0.005).
(D) PACAP induced excitability is mediated by MEK/ERK signaling. Granule cell
pretreatment with MEK inhibitor PD98059 (20 µM) blocked PACAP responses. Effect
of drug (F (2, 16) = 1.881, P=0.1846), effect of current (F (9, 72) = 65.49, P<0.0001), and
current x drug interaction (F (18, 144) = 1.784, P=0.0323). Tukey’s post hoc test did not
show significant group effects.
(E) PACAP-induced neuronal excitability could be blunted by inhibitor to clathrinmediated endocytosis, Pitstop2 (15 µM). Effect of drug (F (2, 18) = 3.856, P=0.0404)
effect of current (F (9, 81) = 23.14, P<0.0001), and drug x current interaction (F (18, 162)
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= 3.642, P<0.0001). Tukey’s post hoc multiple comparisons test exhibited no significant
column differences.
(F) PACAP-induced excitability was completely blocked by concurrent PLC and
endocytosis inhibition with U73122 (20 µM) and Pitstop 2 (15 µM) respectively. Effect
of current: F (9, 54) = 10.56, P<0.0001, no effect of drugs: F (2, 12) = 1.571, P=0.2477,
and no drug x current interaction: F(18,108) = 0.8715, P=0.6132.
Data analyzed with 2-way ANOVA with drug and current as repeated measures. ns, not
significantly different, *P<0.05, **P<0.01, n = 6 - 10 cells per group; error bars, SEM.
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Figure 2.5: PACAP induced excitability may be through modulation of riluzole
sensitive persistent sodium currents.
(A) Inhibition of Kv 4.2/Kv4.3 with phrixotoxin-1 (phrixo, 50 nM) alone did not enhance
cell excitability and did not block PACAP-effects on excitability. Effect of drug: F (2, 12)
= 12.39, P=0.0012, current: F (9, 54) = 31.99, P<0.0001, and drug x current interaction: F
(18, 108) = 11.78, P<0.0001. Tukey’s post hoc tests showed significant column
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differences between ACSF vs phrixo + PACAP (P=0.0021), and between phrixo vs
phrixo + PACAP (P=0.0036).
(B) Inhibition of Kv1.1, Kv1.2, and Kv1.6 with dendrotoxin (DTX, 50 nM) alone
increased granule cell excitability, suggesting that these channels contributed to inherent
neuronal activities; the addition PACAP amplified neuronal excitability beyond levels of
DTX alone, implicating PACAP activation of other mechanisms. Effect of drug: F (2,
10) = 79.29, P<0.0001, current: F (9, 45) = 67.53, P<0.0001, and drug x current
interaction: F (18, 90) = 39.98, P<0.0001. Tukey’s post hoc multiple comparison test
exhibited column differences between ACSF vs DTX (P=0.0171), ACSF vs DTX +P
ACAP (P<0.0001), and DTX vs DTX+PACAP (P<0.0001).
(C) Treatment with apamin (200 nM) to block SK channels did not increase excitability
and did not blunt PACAP-stimulated responses. Effect of drug: F (2, 16) = 25.27,
P<0.0001, effect of current: F (9, 72) = 24.14, P<0.0001, and drug x current injection
interaction: F (18, 144) = 13.91, P<0.0001. Tukey’s post hoc test exhibited column
differences between ACSF vs apamin + PACAP (P<0.0001), and between apamin vs
apamin + PACAP (P=0.0005).
(D) DG granule cell treatment with nickel chloride (500 µM) did not affect cell
excitability alone and did not block PACAP-mediated excitability. Effect of drug: F (2,
14) = 10.31, P=0.0018, effect of current F(9, 63) = 32.16, P<0.0001, and drug x current
interaction: F (18, 126) = 7.677, P<0.0001. Tukey’s post hoc tests showed significant
column differences between ACSF vs nickel + PACAP (P=0.0057), and nickel vs nickel
+ PACAP (P=0.0029).
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(E) The persistent sodium current is crucial for DG granule cell firing and modulation of
this current may underlie the effects of PACAP on cell excitability. Inhibition of the
persistent sodium current with riluzole (10 µM) effectively changed the spiking pattern of
DG granule cells from repetitive-firing to rapidly-accommodating. Subsequent granule
cell PACAP treatments did not restore cellular firing.
Data analyzed with 2-way ANOVA with drug and current as repeated measures. *
P<0.05, **P<0.01, ***P<0.001, n = 6-10 cells per group; error bars, SEM
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Chapter 3: General Discussion
Context recognition contributes to threat detection
The circuits governing the sensory experience, interpretation, and behavioral
outputs of fear are a diverse collection of parallel processes, dysfunction in any of which
may lead to pathology. In particular, the hippocampus in its role generating and retrieving
contextual memories, is well-placed for small disturbances creating disproportionate
dysfunction in behavior. We will discuss how specifically the hippocampus broadly, and
the DG specifically work to regulate reactive responses through contextual control and
given our results, how the PACAP/PAC1 signaling system may play a role in modulating
neuronal signaling and physiology to ultimately regulate behavior.
Failure to suppress learned threat responsive mechanisms, such as is seen in
pathologies like PTSD (Tanja Jovanovic et al., 2010), is often a failure of extinction
(Garfinkel et al., 2014), which is a context-dependent behavioral mechanism, see Bouton
(2004) for review. Extinction is a process of new learning, rather than erasure, that
suppresses learned fear responses to a CS only in the context in which fear of that CS was
extinguished, and it has been argued that context provides the information required to
disambiguate between the original acquired fear memory and the new extinction memory
(Mark E Bouton, 2004). Impaired extinction has been observed in several domains, such
as behavioral models of anxiety or learned helplessness (Baratta et al., 2007), where
exaggerated fear responses are apparent. However, the impaired extinction in at least a
subset of PTSD-diagnoses seems to be specific to context-dependent mechanisms of fear
suppression. Garfinkel et al. (2014) found that PTSD sufferers not only exhibited
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impaired extinction learning, but also less fear renewal than healthy control participants.
Renewal is a process of returned expression of fear behavior in the context the fear was
learned. This dissociation of fear from the learning paradigm, i.e. less evoked fear
response to context, suggests that resolving ambiguities in contexts underlies the overall
deficiency in fear and extinction learning abnormalities in at least a subset of PTSDdiagnosed individuals.
Given the clear necessity of context in regulating threat responsive behaviors, the
brain regions involved in interpreting spatial representations and context, such as the
hippocampus, are critical. It is well established in rodent models that the hippocampus is
required for fear extinction, see Bouton et al., (2006) for review, and it is also established
that extinction in humans is correlated with increased hippocampal activity (Milad et al.,
2007). Populations that suffer from PTSD express impaired extinction and decreased
hippocampal activation when fear is conditioned to a context (Milad et al., 2009). These
behaviors are mirrored in rodent studies of context learning and extinction where the
hippocampus and specifically, the dentate gyrus are highly involved in discriminating
between contexts (Bernier et al., 2017).
As noted above, the DG is necessary for contextual fear encoding and sufficient
for memory retrieval (Liu et al., 2012), but only absolutely necessary for retrieval when
fine distinctions between ambiguous contexts must be made (Bernier et al., 2017). The
failure to distinguish between contexts does not necessarily mean that a threat response
will be initiated, but it is likely that the overall tone of threat responsive mechanisms is
elevated without distinguishing clear safety. This is supported by past research that
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suggests that fear systems are more prone to false positive errors than false negatives
(Morey et al., 2015). We found that PACAP infusion into the DG elevated fear
expression to a context, supporting our hypothesis that the PACAP signaling system in
the DG is behaviorally relevant, and could be the proximate cause of gene abnormalities
manifesting with enhanced fear.
Exploring PACAP’s effects on encoding and retrieval
We observed DG PACAP infusion to affect levels of conditioned freezing at test,
but not during conditioning, and there were no significant long-term effects of PACAP
infusion on conditioned freezing. This effect suggests PACAP may be affecting retrieval
of a conditioned contextual memory, but not encoding. Given that we also observed
PACAP to enhance the excitability of DG granule cells in a slice preparation, this
preferential effect is counterintuitive; it is not immediately obvious why exciting a region
via cannulated infusion would prefer retrieval over encoding. There are a number of
possible explanations for this observed preference.
A memory trace is the population of neurons within a given structure that
supports a memory, also known as an engram. First conceptualized by Richard Semon,
the engram has been a topic of scientific debate for nearly a century. Recent studies from
the Tonegawa lab provide evidence that neurons in the DG display all the characteristics
of an engram, that is that stimulation of that cell population causes behavior indicative of
memory retrieval (Liu et al., 2012), and silencing the same population disrupts memory
retrieval while the same manipulation to random cell populations does not have the same
effect (Denny et al., 2014). This is fairly persuasive evidence that the DG supports at
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least a part of an engram, but as described above, how each cell becomes chosen to be a
part of that engram is dependent on the excitability of that cell relative to other cells in
that structure at the time of encoding. For example, Park et al. (2016) manipulated a
subpopulation of DG cells to be hyper-excitable prior to contextual fear conditioning and
found that this population was disproportionately likely to be included into the engram
that, when stimulated, retrieved the memory of that conditioning. However, further study
demonstrated that despite the overall excitability of a region, the number of cells
recruited to an engram during conditioning may not influence the level of conditioned
response, at least as measured by the binary cell activity marker c-fos (Morrison et al.,
2016). Given this evidence of neuronal engram allocation and retrieval, it is likely that
making an entire region hyper excitable through cannulated infusion of a molecule that
promotes excitability, such as PACAP, may change the absolute number of cells recruited
to that memory, but perhaps not memory strength. This would account for no differences
in encoding or subsequent retrieval in our results.
Where we did see a difference in PACAP-infused animals was when we infused
PACAP at test (Figure 2.2). Here we saw increased freezing to the context at time points
across the entire 15-minute test. There are three possible explanations of this result. First,
it is possible that the same or a similar population of cells that coded for the context at
encoding is recruited by the spatial context at retrieval test and PACAP infusion increases
the output of that population of neurons to more strongly express context-dependent
behavior. This observation would be consistent with our data that exposing PACAP to
DG granule cells increases their spiking behavior to stimulation, but as we observed no
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change in resting membrane potential, these cells would still require physiological
synaptic input to reach AP threshold. Second, it is possible that when the animal is placed
back into the context the cell population that is retrieved is a probabilistic function of the
engram that was created at the time of encoding, and not all of the cells in the original
engram are likely to be excited enough to reach AP threshold; consistent with past reports
that DG populations recruited by a context change with time (Yokoyama & Matsuo,
2016). Our electrophysiology experiments demonstrated that neurons treated with
PACAP require less current stimulation to elicit an action potential, thus in behavioral
experiments, neurons that were on the brink of firing under control conditions do fire in
the presence of PACAP. This could result in a larger population of neurons firing action
potentials at retrieval test and consequently driving context-dependent behavior. It is
important to note that these neurons on the margins would not be indiscriminately excited
neurons, but rather neurons that were still recruited by the context just not sufficiently
recruited to spike under control conditions. The third possibility is that PACAP infusion
simply causes a rat to freeze at higher rates regardless of the fear generated by the
context. We find this to be an unlikely explanation, as we infused PACAP prior to
conditioning and allowed rats to explore the conditioning chamber prior to shock
conditioning and here we found no increase in PACAP-infused compared to vehicleinfused animals in unconditioned freezing.
We found there to be no effect of PACAP infusion on post-infusion day retrieval
in either of our behavioral experiments (Figure 2.2). PACAP has been shown to have
long-lasting effects on neuronal plasticity in addition to the effects on neuronal
109

excitability that we observed. We saw no difference in freezing in the second extinction
session, despite differences on the day of PACAP infusion (Figure 2.2), that is, the effect
of increased freezing on the first extinction day did not carry over to the next extinction
day. We think this lack of effect of prior PACAP infusion is likely due to the lack of the
increased excitability provided by PACAP infusion on the first extinction day and
provides evidence that the effect we observed was likely due to acute, rather than longlasting changes affected by PACAP infusion.
PACAP/PAC1 Signaling Mechanisms
We found PACAP to enhance the excitability of granule cells when we exposed
brain slices to PACAP via bath perfusion (Figure 2.3). Identifying the receptor and
intracellular signaling components that drive PACAP-induced excitability are of principal
interest in our inquiry. Given that we found that PACAP excites DG granule cells, we
ruled out the possibility of presynaptic action by applying glutamatergic and GABAergic
antagonists and observing PACAP to still drive high levels of excitability (Figure 2.3).
We then identified the PAC1 receptor to be the principal source of this excitability by
exposing slices to the VPAC1 and VPAC2 receptor agonist VIP and observing minimal
changes in excitability (Figure 2.3). Thus, we had determined that the effect we initially
observed in DG granule cells was a postsynaptic event likely mediated by PAC1 receptor
activation. The PAC1 receptor is capable of recruiting at least three principal signaling
pathways (see Figure 1.5); including Gαs/AC/cAMP/PKA and Gαq/PLC/DAG/IP3/PKC
(Spengler et al., 1993). However, recent evidence has suggested other signaling
mechanisms in addition to these classical g-protein-coupled processes. PAC1 receptor
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endocytosis via β-arrestin and signaling endosomes activates the MEK/ERK signaling
pathway to drive sustained changes in cell activity (May et al., 2014). Each of these
pathways was examined as possible routes through which PACAP modifies cell
excitability.
In separate experiments, we systematically blocked Gαs/AC/cAMP/PKA,
Gαq/PLC/DAG/IP3/PKC, and MEK/ERK signaling in order to delineate the role each
contributed to PACAP-induced excitability. Treatment of brain slices with the AC
inhibitor SQ22536 (Figure 2.4) had no attenuating effect on PACAP induced excitability,
and artificial stimulation of cAMP with forskolin did not recapitulate PACAP’s effects,
strongly suggesting AC/cAMP/PKA mechanisms are not underlying PACAP’s effects on
granule cells. The PLC inhibitor U73122 seemed to slightly attenuate the PACAP effect,
but PACAP still caused a significant increase in spiking (Figure 2.4), suggesting parallel
mechanisms. However, by inhibiting the MEK/ERK pathway by exposing brain slices to
PD98059 (Figure 2.4) prior to PACAP we observed a near-complete blockade of the
increased excitability induced by PACAP. As PAC1-dependent MEK/ERK activation is
known to be at least partially dependent on PAC1 receptor internalization, we blocked all
clathrin mediated endocytosis by applying Pitstop2 to brain slices and observed a similar
attenuation of response (Figure 2.4). As these effects were not recapitulated by blocking
the principal activators of Gαs (AC) or Gαq (PLC), suggesting that the primary cause of
PACAP-induced excitability of DG granule cells is endocytosis and MEK/ERKdependent.

111

Comparing between experiments we observed the mean change in granule cell
spiking induced by PACAP to be unaffected by AC inhibition, completely attenuated by
MEK/ERK inhibition, and intermediate phenotypes produced by PLC inhibition and
endocytosis inhibition. As MEK/ERK can be stimulated both by receptor internalization
and PLC-dependent mechanisms, we reasoned that they may both be activating
MEK/ERK as has been reported in other cell populations (May et al., 2014). Therefore,
we concurrently blocked internalization with pitstop and PLC with U73122 and applied
PACAP. Here we saw a complete blockade of PACAP’s effects, indistinguishable from
MEK inhibition with PD98059. Overall, our results suggest a that PACAP increases the
excitability of DG granule cells by activating MEK/ERK through parallel PLC-dependent
and endocytosis-dependent mechanisms.
The results reported here are consistent with those of previous experiments from
our lab and others that MEK/ERK is the primary signaling pathway through which PAC1
activation modulates neuronal activity. PACAP exposure to guinea-pig cardiac neurons
induces pronounced neuronal excitability (Merriam et al., 2013), infusion of PACAP into
the CeA produces ERK-dependent neuronal c-fos expression and hyperalgesia (Missig et
al., 2017), and PACAP infusion into the BNST produces ERK phosphorylation
(unpublished observations) and reinstatement of drug seeking (Miles et al., 2018).
Moreover, work by Emery, Eiden, Mustafa, and Eiden (2013) demonstrates that PAC1dependent neurite outgrowth is dependent on ERK1/2 phosphorylation though this may
be through a different intracellular mechanism dependent on Rap1 activation, inhibition
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of which we found to not block the effect of PACAP on DG granule cell excitability in a
small number of cells.
The path to ERK activation and ERK targets
Activation of ERK may be accomplished through the AC/cAMP/PKA,
PLC/IP3/DAG/PKC, or MEK/ERK pathways (May & Parsons, 2017). Past research
indicates that PAC1-dependent mechanisms stimulate MEK/ERK through either βarrestin or PKC (May et al., 2014), but we found inhibition of the PLC/IP 3/DAG/PKC
pathway with U73122 to attenuate, but not abolish PACAP-induced excitability of
granule cells while treating cells with the clathrin inhibitor Pitstop2 seemed to attenuate
PACAP-induced excitability to a greater extent, thus it seems likely that the majority of
relevant ERK activation is derived from internalization-dependent mechanisms rather
than PLC-dependent mechanisms. This was counterintuitive given that both pathways
ought to stimulate ERK1/2 activation, but differences in PKC and MEK phosphorylation
sites of ERK1/2 may explain the differences noted in our experiments.
Internalization is initiated by the binding of a ligand to the extracellular domain of
the receptor, which, in addition to activating relevant GPCR signaling, promotes GPCR
regulatory kinase phosphorylation and binding of β-arrestin. β-arrestin initiates β-2adaptin (AP2) and clathrin, which then clusters ligand-bound GPCRs in clathrin coated
pits along the exterior of which dynamin clusters to subsequently pinch off the budding
endosome (Luttrell, 2008). The GPCR-containing endosome then exists with the
intracellular domain of the receptor interfacing with the cytosol for extended periods of
time, in which it acts as a scaffold for intracellular signaling such as promoting
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interactions between MEK and ERK1/2 that result in ERK1/2 activation via
phosphorylation, and consequent down-stream modulation (Peterson & Luttrell, 2017).
Phospho-activated ERK1/2 may have distinct targets based on the pathway
through which it was activated. β-arrestin/MEK seems to preference for distribution to
cytosolic compartments but activated ERK through PLC/IP3/DAG/PKC seems to be
biased toward nuclear translocation (May et al., 2014). This apparent preference for
cellular compartmentalization, maybe based on ERK phosphorylation sites, could explain
why our experiments showed more of an attenuation of PACAP-induced excitability in
Pitstop2 treated cells blocking internalization and endosomal signaling than we did in
U73122 treated cells blocking PLC/IP3/DAG/PKC. Under this schema, PKC-stimulated
ERK would make its way to the nucleus to make cellular modifications that were
unobservable in the time-course of our preparation, but endosomally-stimulated ERK
may modify ion channel activity such that spiking was distinctly modified.
Ion Channel Regulation by PACAP/PAC1R
We observed a clear increase in the excitability of DG granule cells following
their exposure to PACAP and we delineated the relative contribution of each of the
relevant signaling factors contributing to the excitability phenotype. However, it is clear
that for a neuron to express such changes as we observed, the signaling cascades we
systematically observed are acting through modulation of intrinsic ionic currents. Ionic
currents can be regulated through a number of processes, such as phosphorylation/
dephosphorylation states, binding of other intracellular molecules (such as cAMP), and
through other mechanisms of regulation such as surface expression. We will now discuss
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some of the ways these changes can be detected and how channel regulation may be
controlled by PACAP-dependent signaling mechanisms.
We initially observed an increase in spiking to current injection following
PACAP exposure in DG granule cells (Figure 2.3), which we termed PACAP-induced
excitability. In order to narrow our search for how these effects were occurring, we first
showed that PACAP-induced excitability was a post-synaptic effect by applying
glutamatergic and GABAergic antagonists to brain slices and showing that PACAP still
caused a significant increase in granule cell excitability. Knowing that PACAP can bind
to at least three receptors, the PAC1, VPAC1, and VPAC2, we applied the VPAC1 and
VPAC2 agonist VIP at an equal concentration to PACAP exposure experiments to brain
slices and saw a minimal increase in excitability (Figure 2.3), suggesting that the PACAP
effect was largely dependent on PAC1 receptor activation. Additionally, the VPAC
receptors are generally Gαs-coupled to increase intracellular AC levels and when we
artificially stimulated AC with forskolin (Figure 2.4), we saw a very similar null effect on
excitability, suggesting that the VPAC receptors are unlikely involved. These
observations suggested to us that PACAP was acting directly on granule cells via the
PAC1 receptor and that the PAC1 receptor was likely acting through a process other than
Gαs-coupled mechanisms. In other neural systems PACAP is known to recruit other
signaling cascades, specifically Gαq-coupled, and a β-arrestin/endocytosis-dependent
mechanism to stimulate MEK/ERK. We showed that PACAP induced excitability was
sensitive to inhibition of the MEK/ERK by parallel methods of activation by PLC-
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dependent and endocytosis-dependent mechanisms. Together, this evidence led us to
search for ionic currents that are known to be modulated by MEK/ERK signaling.
Our search for ionic currents modulated by PACAP-dependent signaling
suggested multiple possibilities. In cultured hippocampal neurons PACAP downregulates
an inhibitory voltage-gated potassium channel, Kv4.2, through MEK/ERK dependent
channel internalization (Gupte et al., 2016). Kv4.2 allows potassium ions to flow at
voltages close to AP threshold, thus making APs less likely given the same amount of
current stimulus. Downregulation of this type of channel would decrease the outwardly
rectifying potassium current to functionally increase the excitability of neurons in which
this process was occurring. If this process was in fact responsible for PACAP-induced
excitability, then blocking these channels with a Kv4.2-specific channel blocker should
cause an increase in spiking similar to the effect of PACAP. We directly tested this
hypothesis with the Kv4.2 specific blocker phrixotoxin-1. Our results indicated that
blockade of Kv4.2 channels did not increase the excitability of granule cell neurons, nor
was there any attenuation of the effect of PACAP when it was subsequently applied
(Figure 2.5). These results suggest that not only is Kv4.2 modulation not responsible for
PACAP-induced excitability, but that Kv4.2 has minimal effect on the excitability of
granule cell neurons at all.
Our results are not necessarily in contradiction to those of Gupte et al. (2016) for
at least two reasons. The preparation used by Gupte et al. (2016) was a mixed
hippocampal culture from embryonic rats that did not distinguish between neurons from
the CA regions of the hippocampus to those of the DG region of the hippocampus,
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whereas our preparation was from rat brain slices in situ. Thus, their sample may have
included non-granule cell neurons with different phenotypes altogether. Another
possibility is that these cultured neurons do not have the same type of organization that
neurons in situ have. Some Kv channels, including Kv4.2, are found restricted to medial
and distal dendrites of neurons and can play a significant role in local excitability and
synaptic potential propagation, while being relatively less important for regulating
spiking directly. The organization of typically dendritic-restricted channels in situ may be
different in these cultured neurons such that in cultured neurons they are not dendritically
restricted and would therefore play a larger role in regulating excitability at the soma than
they would in a fully developed hippocampus.
Given that we had observed no effect of the Kv4.2 specific blocker phrixotoxin-1,
we decided to examine other channels that may contribute to outward rectification in
neurons. One class of channels that often contributed to neuronal excitability is sensitive
to α-dendrotoxin (DTX) (Harvey & Robertson, 2004), a venom extracted from the
mamba snake. DTX is known to block Kv channel types 1.1, 1.2, and 1.6, blockade of
which is known to increase neuronal excitability and can lead to epileptic activity if
injected centrally (Harvey & Robertson, 2004). If PACAP induced excitability depended
on the downregulation or otherwise inhibition of these channels, then blockade through
DTX should recapitulate the effects of PACAP. We used the same protocol as described
previously, we first applied DTX and measured changes in spiking to current injection.
We found DTX to significantly increase the number of APs to current injection in DG
granule cells, suggesting that these potassium channels do in fact regulate the activity of
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these cells, but we found that subsequently exposing the slices to PACAP still caused a
significant increase in excitability, above and beyond DTX alone, or PACAP alone
(Figure 2.5). Thus, our results suggest that DTX does regulate the excitability of DG
granule cells, but the channels that are sensitive to DTX (Kv1.1, 1.2, 1.6) are not the
channels responsible for PACAP-induced excitability.
A different type of potassium channels is the small conductance potassium
channel (SK) that is sensitive to apamin and, when activated, produces a medium to slow
after hyperpolarizing current (AHP) (Hille, 2001). SK channels function as a negative
feedback mechanism on neuronal activity; they are only activated by rises in intracellular
calcium and thus are activated when neurons have been firing at high levels, or could be
activated by intracellular signaling cascades, such as PLC/IP3/DAG/PKC (Hille, 2001).
SK channels, when open, hyperpolarize the neuron toward potassium’s equilibrium
potential, but remain open for longer than phrixotoxin-1 sensitive, or DTX sensitive
channels. If SK channels were not activated, then neurons would be allowed to fire more
APs, with a smaller interspike interval (it is unlikely that SK channels would regulate AP
threshold). We tested for the involvement of SK channels in PACAP induced excitability
by first antagonizing SK channels with apamin (200 nM) and observing changes in spike
activity. Following apamin exposure, neurons exhibited a trend toward more spiking,
though it was not a significant difference, but subsequent PACAP application still
significantly increased spiking. These results suggest that although SK channels may
regulate spiking to some extent, they are not responsible for PACAP-induced excitability
in these neurons.
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A current that has been shown to regulate neuronal excitability is the cyclic
nucleotide-gated hyperpolarization activated cation current, or IH (Chen et al., 2001). IH is
activated at hyperpolarized voltages and is sensitive to intracellular cAMP levels. I H is
often found in cells with rhythmic firing patterns and is often characterized a distinct
depolarizing “sag” in response to hyperpolarizing current injection. PACAP has been
shown to modulate this current in guinea pig cardiac ganglion neurons (Tompkins,
Lawrence, & Parsons, 2009), and in the thalamus (Sun, Prince, & Huguenard, 2003). We
did not observe a pronounced characteristic sag in DG granule cells to hyperpolarizing
current injection (Figure 3.5). However, this characteristic can be masked by the presence
of an inwardly rectifying potassium current (KIR), as the kinetics for the KIR occur faster
than the those of IH and balance the effect of IH out such that it becomes unobservable.
We blocked KIR currents by applying barium, if IH was being masked by a KIR, then the
depolarizing sag would become apparent in the presence of barium. Even in the presence
of barium we observed no characteristics consistent with IH (Figure 3.5), thus despite the
fact that IH is a target of PACAP signaling in other cell types, it does not appear to be the
source of PACAP-induced excitability, nor does it even seem to be present in DG granule
cells.
Calcium currents are known to regulate the excitability of many types of neurons.
N, P, Q, L, and T-type calcium channels all contribute to neuronal excitability at different
levels of voltage (Hille, 2001). Previous reports have suggested that nickel sensitive
currents are at least in part responsible for some of PACAP’s effect on other cell types
(Tompkins et al., 2015). In particular T-type calcium currents are activated at voltages
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close to AP threshold, similar to activation threshold of A-type currents, and can oppose
the effects of A-currents when activated, giving neurons another degree of freedom to
regulate excitability. T-currents are also known to support multiple firing, such that when
they are activated, the inter-spike interval can be decreased, and bursting increased (Cain
& Snutch, 2010). Many of these channels are sensitive to block with nickel (Hille, 2001),
thus to test for contributions of nickel sensitive currents to the PACAP-induced
excitability of granule cells, we applied nickel chloride (500 µM) and measured cell
properties. Surprisingly, application of nickel had very little effect on the current spike
relationship of DG granule cells (Figure 2.5), and application of PACAP still caused its
normal significant increase in excitability. It was surprising that nickel had no effect
without PACAP, suggesting that calcium currents have a small role to play in supporting
the spiking of DG granule cells.
Having eliminated the likelihood that IA, IH, IT, ISK, and DTX sensitive currents
contribute to the increase in excitability seen upon PACAP exposure of DG granule cells,
we examined the role of persistent sodium currents (IpNa) in regulating repetitive action
potential firing in DG granule cells. Here we found that treatment with riluzole (10 µM)
significantly modified the firing pattern of DG granule cells from repetitive firing to
rapidly accommodating. Further application of PACAP did not rescue repetitive firing or
appreciably change granule cell spike characteristics, suggesting that under non-riluzole
treated conditions, PACAP may be increasing the spike rate of granule cells by
modulating riluzole-sensitive IpNa.
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Though PACAP treatment did not increase the spiking of cells if slices were
pretreated with riluzole, this does not necessarily demonstrate that PACAP’s effects on
granule cells are through enhancement of IpNa. This is due to the fact that riluzole
treatment eliminated all repetitive spiking of granule cells, and often the ways in which
regular spiking is increased is through downregulation of an accommodating mechanism
that is only recruited following the occurrence of multiple spikes. However, this
alternative explanation is unlikely for multiple reasons. First, under normal conditions,
we observed the accommodating mechanism of DG granule cells to be relatively weak
such that in long spike trains the inter-spike interval did not differ drastically from the
inter-spike interval of the first two spikes (Figure 2.3), indicating these cells do not
accommodate significantly to high frequency spiking. Second, PACAP increased the
excitability of cells at a fairly consistent level, if the effect were due to an
accommodating mechanism downregulation such as the slow AHP, then the effect would
become more pronounced at higher levels of stimulation, which it was not. Given these
observations and the observations of riluzole treatment abolishing the PACAP effect, it
seems likely that IpNa underlies at least a portion of the effect of PACAP on DG granule
cell excitability.
Though we did not provide evidence beyond reasonable doubt that IpNa
modulation underlies PACAP induced excitability, there is compelling evidence that
supports this idea. Our data demonstrate that riluzole-sensitive currents powerfully
modulate the firing properties of DG granule cells, and this was not restored by PACAP
treatment. Given how strong the effect of riluzole proved to be in modifying granule cell
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properties, it seems likely that many routes of DG granule cell modulation terminate with
modulation of IpNa. Unfortunately, this current is difficult to study rigorously under
voltage clamp conditions as it is sensitive to tetrodotoxin and action potentials occur too
quickly to be accurately clamped with current technologies. Despite the lack of definitive
evidence, we believe the weight of the evidence suggests an effect of PACAP on riluzolesensitive IpNa and that many other signaling systems may modulate granule cell
excitability through this mechanism.
Overall Summary
Contextual memory and fear behavior regulation are intricately linked processes
in either of which dysfunction can be catastrophic for individuals suffering these effects.
For a comprehensive understanding of DG PACAP/PAC1 signaling in contextual
processing, further study may be suggested from some of the key limitations of this work.
Despite positive effects, our pharmacological manipulations did not establish the
conditions under which PACAP may be recruited in vivo, and we did not establish
necessity of the PACAPergic signaling system in regulating contextual memory. Further
study under more naturalistic conditions could better define the conditions and circuits
that are involved in contextual processing. We believe the functional PACAPergic
afferent of this system is the hilar mossy cell; chemogenetic control of these cells using
cre-dependent virally-mediated DREADDs and the PACAP-cre mouse line may lead to
further discovery elucidating the role of PACAP/PAC1 in behaviors associated with the
DG.
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Another limitation to our current studies is the lack of study of female animals.
We did record from brain slices of female rats, which demonstrated that PACAP causes a
very similar increase in cell excitability in neurons from females as it does in males, but
none of our behavioral results have been attempted in females. Females are more likely to
suffer from many fear-related disorders, such as PTSD (Kimerling, Allen, & Duncan,
2018), the PAC1 receptor is known to be epigenetically regulated by estrogens (Mercer et
al., 2016), and many of the PACAP-PTSD associations in humans are found
disproportionately in women (Ramikie & Ressler, 2016). However, there are other
considerations that may make female rats more variable and justify our reasoning to
restrict our initial analyses here to male rats. First, the number of animals required for
female studies would likely be much larger to account for variation introduced by the
estrous cycle. Second, the behavioral assays we used may need to be modified to account
for differences in how females respond to fear stimuli, as some research suggests that
conditioned freezing may not be the dominant conditioned response in females as it is in
males (Gruene et al., 2015). Rather than discourage, these noted male-female differences
should encourage further study in this domain as there are explicit mechanisms by which
male and female animals may react differently to PACAP/PAC1 signaling and these
mechanisms offer the opportunity for strong, hypothesis-driven science.
The PACAP/PAC1 signaling system has been established as a mediator of
negative behavioral symptoms including symptoms related to fear and anxiety (Ressler et
al., 2011), and has also been implicated in systems regulating contextual-dependent
behavior (Pohlack et al., 2015). Our work introduces a new aspect of PACAP/PAC1
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activity in its regulation of contextual fear, via modulation of DG granule cell intrinsic
excitability, and establishes the intracellular signaling mechanisms and likely ionic
currents recruited to drive the behavioral effects observed. This work, and further work,
manipulating different aspects of fear, context, sex, and PACAP signaling may lead to
important discoveries that further our understanding of pathology.
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Additional Figures

Figure 3.1: A basic schematic of the whole cell patch clamp circuit.
A whole cell patch clamp schematic. In this scheme an electrode is continuous with the
intracellular space of a neuron in physiological solution. In order to measure the electrical
properties of these neurons, a current is passed through the electrode that travels through
the intracellular space of the cell, the cell membrane, and the physiological bath solution
to an extracellular electrode. This forms a complete electrical circuit in which the current
passing electrode also serves to measure the response of its passing current. This is
referred to as a continuous single electrode patch clamp circuit. Since the resistance of
the electrical system and the electrode is known, and can be cancelled, and the resistance
of ions in solution is functionally zero, the only remaining resistance is that of the
membrane of the patched neuron.
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Figure 3.2: A model of an excitable cell as a combination of parallel ionic
conductances that forms a circuit.
A neuron can be schematized as a set of parallel resistors that are the ionic channels that
current flows through in the form of ions in solution. The reciprocal of resistance is
conductance; thus, the conductance of each channel goes up as the resistance goes down.
The four major conductances are represented in Figure 3.2, those being sodium (Na),
potassium (K), calcium (Ca), and chloride (Cl).
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Figure 3.3: An example of a patched DG granule cell under infrared illumination.
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Figure 3.4: Spiking levels are stable with time.
In order to control for potential effects of time, we ran a subset of DG granule cells with
no application of drug or peptide of any kind. These time-controlled cells showed no
significant increase in spiking to current injection F (1, 5) = 0.394, P=0.5500.

128

Figure 3.5: No characteristics of HCN currents are detectable in DG granule cells.
PACAP has been shown to enhance hyperpolarization activated, cyclic nucleotide gated
cation currents carried by HCN channels. We saw no evidence of these types of currents
under control conditions in current clamp mode, however, IH can be masked by a strong
inwardly rectifying potassium current that is sensitive to barium. To unmask IH currents
we blocked the inwardly rectifying potassium currents by applying barium (500 µM) to
the bath. Following barium treatment, there was still no evidence of IH in DG granule
cells.
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